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SPREFACE

This project on sonic rocK cutting was sponsored by the Advanced

Research Projects Agency and was monitored by U.S. Bureau of Mines,
Twin Cities, Minnesota under Contract No. H0210030. James J. Olsen of
the Twin Cities Mining Research Center was the ARPA 2rogram Coordinator,
with Patrick J. Cain of the Twin Cities organization acting as Projec'ý
Officer. The work was initiated on December 30, 1900 .,nd- the first
year of work completed on December 30, 1971.

The work was performed at The Ohio State University- under the
SResearch Foundation Projeeit RFa-3173. The work was done in the

SDep-rtments of Welding Engineering and Engineering Mechanics. Dr.
Karl F. Graff, Professor of Engineering Mechanics, was project super-
visor and in char-s of the System Analysis pIiase of work. Charles C.
Libby, -Assistant Professor of Welding Engineering, wes in charge of
the System Development phase of work. Ting-yu Lo and Tsai-chuang Ma,
Graduate Research Associates in Engineering Mechanics, worked in the

-area of System Analysis. Gordon. Smith and Gary Streby, Laboratory
Technicians, worked in tl'eF area of System Development.
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Developments in powers sonics at The Ohio State University have
led to a number of applications of industrial interest, including
metal deformation, grinding and drilling. The development of high
frequency (10 kHz), high power (12 kW) transducers, a unique means of
impact coupling enei'sr transfer and the results of preliminary drilling
tests on concrete have shown that the application of sonics for rock
cutting may be of-considerable practical interest. The objective of
the first year of work was to construct the hardware for, and to carry
out, sonic rock drilling tests in the laboratory and, further, to
accompany thia work by the necessary fundamental studies -f the sonic
parameters to enable process improvement to be Cone.

Thus, the work on sonic rock cutting was divided into two parts,
System Development and System Analysis. In the first part, a piece of
apparatus wa developed for performing sonic drilllig tests. An
extensive series of tests was then performed in which various sonic

t ++drilling tools were designed and-tested and the influence of changes
in excitation voltage and static force on drilling were assessed.
Tests on achieving optimum drilling by varying the parameters of no
load., low voltage resonance, exciba.-in voltage and static force wereI also conducted. In the second part, System Analysis, analysis and
experiments on tool-rock and tool-rod impact, transducer characteristicsI and the sonic interaction process were ,'arried out. The specific as-
pects of the work doae in System Development and Analysis is summarized
in this report.

System Development

The sonic power laboratory equipment, instrumentation and power
supplies whicli are illustrated in Part I: System Development, were
applied to the impact-cutting of limestone rock and to the analysis of
various aspects of sonic-imiact cutting of rock.

The impact mode of rock penetration described herein utilizes a
piezoelectric transducer (Mdel P-l) impacting a relatively short tool
for intermittently fracturing and crushing the work sarface. A static

p Ij force id applied externally to the transducer at the transducer node.

The energ necessary for each successive impact of the transducer
Swith the tool is drawn from the elastic energy stored in the resonant

structure of-the transducer. Electrical power supplied from a source
of high-frequency electrical energy maintains the energy storage level.

47 The energy witndruwal is accomplished in very short ijtervals during
impacts, occurring several hundred or thousand times per second. The
energy replacement occurs between impacts. By this means, it is possibleto supply the inpuit energy t~o the transducer at a fixed frequency.

1:; - --- IiA
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Penetration rates up to eight inches per minute are attaincrd with

one-inch diameter tool,. Parmeters wich optimize penetration rate;
havo been measured and are dascribC. These parsmetirn include initial
resonant frequency of the transducer, power supply frequency, externally
applied static force and excitation level of the transducer. Increpaing
the length of the acoustic transmission line solidly mounted to the
tranad..-er, and the effect on penetration rate were explored, with
transmission lines up to 40 inches in length. The effect of toolgeometries were investigated and relative penetration rates are included

for tools of differing cutting face gecmetrias and different masses.

System Analysis

it the impact coupling means of sonic energy transfer, the cutting
tool impacts and rebounds from the vibrating transducer tip and then
impacts'told rebounds from the rock surface, with this a continuing
sequence. Inr obtaining a fundamental understanding of sonic rock
cuttings each of these events must be understood separately, as well
as the interaction of these events, with the paraiheteýrs of voltage,
static force and transducer energy iii the overall ;rx-ess. The work
in Systemiv Analysis) rejdrted in. Part II of this report, S3ections 3.
through-6, is aimed at providing as many answers as 3ossible to these
questions.

A great deal of effort was put into the tool-rock impact stage of
impact coupling. Thus, in Section 1, a purely theoretical analysis of
the sonic impact tool on rock is reported. The results of the analysis
provided the Justification for modeling the tool as a rigid mass,
instead of an elastic body, inmofar as tool impact on rock is concerned.
In Section 2 of the report, various simple impact situations are analyzed
from the standpoint of wave transmission into rock.

In Section 4, the results of an experimental stiidy of aonic tool
impact on rock are reported. A special spring-gun apparatus was con-
structed capable of launching sonic tools into single impacts with
rock at velocities up tu E00 inches per second. Irn this work, the
incident and rebound velocity of impacting sonic tools was measured by
means of photocells. The rsulting energy loos for the rock, as well
ar deaage for the rock was determined for various sonic tool configu-
rations.

Section 5, report.s work conducted on the tool-rod (or transducer

tip) stage of impact coupling. This work was largely experimental and
again the impact appa atus used for tool-rod impact was used. The
purpose of the work was to determine th( influence of the local contact
geometry at the tool-rod i.nterface or. tivo coefficient of restitution
noC the tool. Although ihe impacts were on a stationary rod, and not
Lin a vibrating transducer tip, the information on the i•npact character..
iL:tics is applicable to the sonic case.

iv
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In Section 3, an extensive study of the vibrations, energy storage
Pnd loss characteristics of the sonic transducer is reported. The
importance of these characteristics in impact coupling follows. A
single tool-transducer tip impact removes a certain percentage of the
total stored energy in the transducer. Hence, knowledge of transducer
energy capacity is necessary in analyzing impact coupling. Also
important is the speed of recovery of the transducer to a transient
energy removal, This aspect is determined by the Q (quality factor)
of the device. Fxtensive experiments were conducted on det.ermining
the energy capadity and Q of the transducer, and alsu on determining

'Ar temperature rise and frequency shift during operation. Some tests were
also conducted on the energy reA, oval during tool impact, with this
aork supplementing that reported in Section 5.

Finally, in Section 6, a qualitative description of the overall
sonic interaction process was given. This brought in the parameters
of drive voltage, energy level, tip vibration and static force. It

ti was shown how variations in the static force and voltage parameters
affected rates and energy levels of sonic impact, and how the unloaded
transducer energy capacity and Q-factor governed impact coupling under
load.

Conclusions and Futurf Work

The major conclusion of the first year of work is that. power
sonics offers a potentially practical method of rock drilling and
cutting on a r.;ajor scale. This possibility has resulted due to the
development of powerful transducers and the impact coupling technique
of tnergy transfer. This is in contrast to the previously existing
"situation in ultrasonic drilling, where low power transducers and the
slurry drilling principle generally limited applications to special
cases of machining irregular shaped holes in brittle materials. It was.
further shown that the rather complex sonic rock cutting process could
be subjected to rational analysis through selected experiments and
th moretical calculations of the stages of impact coupling and of the
general interaction problem.

iFut-ure work should be directed toward developing sonic cutting
confie•rations directly amenable to tunneling applications, and
should include techniques for layer cutting, for slot cutting and for
spalling off thin layers of rock. Further. the work should be done
on hard and medium hard rock grades. The method of investigation

--- hould continue to be along the lines of hardware develcpment and
basic studies cA the system parameters.
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INTRODUCTION

Background

Developments in powcr sonics at The Ohio State University in the
- last several years have led to a number of applications of potential 4

indistrial interest. Using large sonic transducers, applications to -
- - - metal deformation and grinding processes have been under investigation,

as well as uses in treating fresh concrete and in welding. Certain
crude experiments in drilling concrete suggested that use of sonic
power for rock cutting might be possible.

The particular aspects of the %ork at Ohio State that made it
possible to consider sonic rock cutting were- twofold. In the first
instance, the construction of large transducer3, such as a 10 kW device
(a prototype of a 30 kW unit has been constructed), has made power
levels wvailable to be of potential 1,e in rock cutting. Secondly, a

•- -r-unique impact coupling means of transferring energy from the trnsducer -

to the rock has been developed. In this method, a small cutting tool
"I is interposed between the transducer and the rock that impacts repeatedly

between the two surfaces, picking up energy when impacting the trans- 4
ducer tip and causing fracture and crushing when impacting a rock work 4
surface.

I Excepting for the above developmentz, the use of ultrasonics forj. drilling brittle materials is still not nev. Ultrasonic slurry drilling
of very hard and brittle materials, such as glass, ceramics and gem

I - stones, has been in use for many years. However, such applications
were, in gene1 iL, at very low power levels (100 W) and occurred at low
penetration rates (fractiona of an inch per minute), 'Thus, while
slurry drilling has been a most useful process in selected appl3cations,its value in large scala drilling processes would be questionable.

On the other hand, the us6 of ultrasonics for rock cutting is also
"not new, Thus, Maw'er [:1] has suggested ultrasonics as one of a large

-. number of novel metnods of rock removal. However, in reviewing this 4
possible method of cutting, only the slurry drilling principle was con-
sidered. In a report on rapid excavation by the National Research
Council [2, •ultrasonics was again one of a Variety of methods con-
sidered for-rock removal. At the time of the cited reports, low trans-
Sducer power levels and the inefficiency of the slurry drilling technique

fdid not make ultrasonic rock cutting appear to be one of the moreS• promising methods.

I On the other hand, in the previously mentioned rather crude tests

L at Ohio State, drilling rates of several inches per .atnute were noted
Sfor 1 1/2-inch diazeter holes in concrete.- In these tests, the 10 k11-

rmodel P-I1 transducer (rated at 12 _kW) with a hlif-wavelength extensi-c i
w:W coupled Into the work surface using a very light impact tool.



Although no effort was made to vary or optimize the many--prccess
parameters, such as excitation voltage and tool configuration, the
results were of sufficient interest to form the basis for the present
work on sonic rock cutting.

Descrition of the Present Program

The present program has, of course, the objective of applying
sonic power to rock cutting. Within this framework, thers are. many
potential cutting and drillin& applications and there are many grades
of rock to consider. Furthezmore, there are the many basic complexities
of the sonic rock cutting process. What was done in the first year of
work was to strive for simplicity in terms of rock cutting configurations
and rock grades considered. To this end, onlY the drilling of single,
.circuiar holes into rock was Investigated and .only a single, medium
grade of rock (Indiana Limestone) was considered. This enabled major
attention to be given to determining the influence of the sonic
-parvmeters on the drilling process.

The soric parame'ters 'that influence drilling are several, and
include the transducer itself (of which the stored elastic -ergy, tip
vibration amplitude and Q (quality factor) are of "greatest interest),
the drive volteae to the transduder, the static force applied to the
device, the- tool characteristics (masd and geometry) and the' character-
istics of the rock. The sonic dril1ing process is fairly complicated
uedause these various parameters interdct, so that a change of one,
such as drive voltage will change the others.

in order to investigate the fundamentals of sonic rock cutting.,
the program was divided in,'- Systems Development and Systems Aalysis
phases.: The work in the development phase was aimed at the performance
of actual sonic drillirg tests on a laboratory scale. In this :work,
various tcol cor.figurations were used, and the parameters of drive
voltage and statij force were varied and the resulting effects on
drilling rate noted. In the analysis phase of the work, both laboratory
experiments and theoretical analysis was carried out on selected aspects
of sonic drilling to obtain a fundamentaQ. understanding of the process
mechanics. Work here included studies ot single tool and impacts on
rock and on the transducer-tip, determination of the ener•j storage and
Q of the transducer and analysis of tool impact on rock.'

*Vhe presentation of the material in this report follows the division
of the work. Thus, in Part If Systems Development, the results on
dr.illing tests and on investigations to achieve: an optimum drilling
conditicn are reported. In Part II,. Systems Analysis, the several
sectiona report on analysis of tool impact on rock, stresses 'developed
during impact, the vibration characteristics of the transducer, experi-
ments on tool-rcdk avnd tool-rod impact and on the ge'eral interaction
of sonic parhm-ters in drilling.

2
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Future Work

In proposed future work on sonic rock cut ring, two major changes
are suggesoed. In the one case, different modes of sonic cutting should
be investigated. This would include sonic means of kerf cutting and•- ilaer cutting and would, in general, be directed toward configurations

applicable to tunneling operations. Secondly, emphasis should be placed
"on sonic cutting of hard and medium hard rock grades.

In other regards, the basic delineation of the work into the
hardware-oriented Systems Developnent and the -undamentelly-oriented I
Systems Analysis phases should be continued. This latter aspect is
important because at this early stage of sonic rock cutting, a number
of questions remain on the process parameters and the optimum combina-
tion of these parameters. V
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1. SONAX( POWER LABORATORY FACILI" IES

The equipment illustrated in this section of the repcrt is located
in the Sonic Power Laboratory, in the Welding Egineering Laboratories
luiiding of The Ohio State University campus. Some of the equipment

illustrated was made available because of prior research in the sur.ic
power field, and other equipment was developed for this projec%.F The electronic power source illustrated in Figure 1 enables ',he
15 hp transducer, which is located out in the latoratory, to te excited
at any one of a range of manually selected voltages and freqvencies.
Typically, the range of frequencies employed in this program is from9.,700 to 10,500 Hz. Voltages in the range of 1000 to 2000 were cmplo•,.d

io l trin the first half of thie program but higher voltages have been utilized-•- in t-he second half of this program. -

The fixed-frequency supply illustrated in Figure 2 ia capable of
* delivering up to 100 kW of electrical power, through aluminum conduit

and electrical outlets, to various locations in the sonic power laboratory.
n The outpu.-frequency of 9720 Hz on this generator is fixed; it does not
vary with loed.

The several electrical outlets located in the laboratory) which
ore used to distribute 10 kHz eleetricel power, may be aorinected either
to the 9720 Hz motor.-generator or to an older unit whiich develops a
frequenyj of 1O,054 Hz. This second xuit is driven by a a irrel-cage
induction motor and for this reason, a maximum rif about 2 T of its rating
(50 W-4) is all that is considered usoful for constant-frequency applica-
tions at 10,054 Hz. Transformere-are employed in the laboratory to
ralise the 220 volts, at which power is distributed, to that necessary
for satisfactory perforance of the transducers. I

An alternate power source for portable use is illustrated in
Figure 4. TIs ir a broad-band electronic frequency-converter rated
500 W electrical output. The transducer supported by the author is
a model P-11C-J piezoelectric sonic transducer rated 15 hp, 10 k1fz,
320U V with a peak-to-peak tip movement of 0.003".

Equipment used to evaluate large transducers and to determine
their no-load characteristics under low levels of excitation, is ill.us-
trated in Figure 5. With this equipment it is possible to obtain a
circular or polar diagram representing a l.ocus of vectors produced as
input or driving frequency is varied. This circle diagram may be
prepare• for transducer reactance and resistance measurements, in which
case the measuring instrument would be acting as an impedance meter;
or the circle diagram may be prepared for conductance and susceptance
"measuremnmts, in which case the .nstrument would be acting as an
admittance meter. The Drarietz impedance-admittance meter is seen in
the lover center of background. The X-Y plotter which makes a record
or the measured quantities is in the foreground. The frequency monitor

PRECMDING PAGE BLANK 7
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is at the left, The transducer, whose characteristics mnay be monitored,
is typical of that showni in Figure 4.

Three models of the high-power sonic transducer known as a P-Il
cransducer, are illustrated in Figure 6. In each case, the full
excitation of these trans4ucers permits them to deliver up to 15 hp
of vibratory energy at the tip (facing up in this illustration). The
"body or central structure of the transducers are shown here, the
elements of the transducer assembly are shown in Figure 7.

The heart of the sonic transducer is shown in Figure 7 to be the
piezoelectric rings which are shown mounted between rubber rings as a
"packed crystal." The piezoelectric elements are located with at least
one face in contact with an electrode and the other face in contact with
the body of the traneducer or "electrical ground." By applying an
electric potential between the body of the transducer and the electrodes,
the-stack of piezoelectric drystals is excited. The crystals are thus
in parallel electrically and in series mechanicallyi The excited- trans-
ducer vibrates at -its resonant frequency when excited with alternating
vbltraes applied to these edectrodes-i When the supply frequency matches

_ the transducer resonant frequency, a maximum capacity to -. o work -results.

-Much of the equipment-illustrated in the precedir.,; pages has been
developed on previously sponsored research programs at The Ohio State
University Sonic Power Laboratory. The resear"ch project EES 220,
entitled "Development bf Sonic and Ultrasonic Power Devices for Applica-
tion in-Highway Engineering," was active between 1962 and 1970. The
"final repoirt on this work was made public in 1970 by the sponsor, The
Ohio Department of Highways and the Federal Highway Administration.
This two-volume report covers the dovelopment of the transducers
utilized on this project4 This development laid the foundation for
the use of constant-frequency high-power sonic and ultrasonic trans-• ~ducer applications in the OSUJ Sonic Power Laboratory."•

Between 1962 and the present time numerous industrial sponsors 5_
supported research in the Sonic Power Laboratory; this work is con- Z
tinuing. Sonic power applications thus supported have included cold- Ji

I deformation or cold-heading of metals, hot-deformation of metals, J
penetrating building blocks for the construction i.ndustry, grinding
Sand crushing both dry and slurry :materials, cold-forming and welding
-of plestic materials, improving the engineering pioperties of fresh
c~oncrete, as it is being lai6., and grooving concrete surfaces with .
steel, blades. 'A

The development of the Model P-7 transducer, shown in Figure 8,
was also carried out during this period, It is rated 380 W at 900 V

U and 10 kHz. The P-11 transducer of a larger size was also developed; A
"an eng ý,neering drawing of which is shown in Figure 9. It is rated
15 kW at 3200 V 10 kHz nominal frequency. The accelerated life-test
program which was utilized in the final stages of the trwisducer designs

13
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Figure 6 - Three P-11 transducer bodies, illuctratifi minol' mo•ifielattonr.
The basic design on the r'ight ha, . 1/2 wtvo~tcngth horn amtd a
1//2 wavelength long center bolt. The 1-11C in•orpora'ies .a -In-h
long spacer into the horn liody, thus ,,bortening the. center" bolt.
The P-IICI incorporates a 1/?2 wavelngt t,.ain.misoio, lIne.
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is illustrated in Figure 10. Here we may see two Model P-31 transducers
coupled together solidly, acting as a motor-generator set. The trans-
ducers resonate at the same frequency and one is connected to a power
supply furnishing resonant frequency power to its terminals; the second
transducer is connected to an electrical load, which in Figure 10 is a
1,unp band of 50 series-parallel connected 220 W bulbs. Finally, in
Figure 11 is shown the prototype of a large, 30 kW transducer.

2. SONIC IMPACT DRILLING

The console assembly illustrated in Figure 12 shows the piezo-
electric transducer, Model P-i1, in position to do impact drilling.
The instrumentation is shown at the left. The transducer is mounted to
the console support plate, at the node of the transducer, by a rubber-
lined clamp as seen in Figure 13.

The contact between the transducer (or its transmission line
extension) and the work piece, is an intermittent contact tool of a
cylindrical shape as shown in Figures 14 and 15. The tool bounces
between the transducer tip and the work piece, crushing the brittle
work surtace and incrementally penetrating the rock face. The energy
for the intermittent crushing action is supplied from the stored energy
of the resonant transducer. The energy level is maintained b r electrical
energy input to the transducer during the interval between inpacts.

The primary parameters which control the penetration rate caused
by a specific tool coIfiguration and a selected transducer rating, are,
1) the voltage or excitation amplitude applied at the transducer
electrode terminals, 2) the frequency of this applied alternating
voltage (as compared to the resonant frequency of the transducer) as
the excited transducer is pressed against the work surface, and 3) the
average static force (as contrasted to the dynamic force developed at
the work surface) applied externally to the traasducer in a direction
which causes it to move toward the work surface. The dynamic forces
which act to cause the tool to impact against the work surfaces, are
a function of 1) the stored energy in the transducer, 2) the energy
stored in the bouncing tool, and 3) the velocity of the tool as it
moves between the transducer tip and the work surface in an impact
mode.

In Tables I through III, these test parameters are illustrated.
The transducer voltage is, of course, its excitation voltage as furnished
from the frequency convertor or power supply. This impact energy is
also monitored as kVA and power factor, or as kW input and as time of
drilling. The depth of the hole and the volume of crushed rock are
evidences of work done and the temperature rise of the transducer are
evidences of transducer losses. In each table, the tool configuration,
static force, initial resonant-frequency of the transducer and power-
oupply frequencies are listed.

18
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Figure 10 - Sonic motor-generator configuration for testing transducers. Twj P-li
transducers are coupled solidly together at the anti-nodes or working tips.
The lamp bank constitutes an electrical load to absorb the Mg set output.
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Several tentative conclusions were reached in this test series,
some of which suggested that a further examination of the initial
parameters should be undertaken. The test indicated that for these
relatively -short tools, the tool length of 1/k iich appeared to be
most effective. With tools shorter than this, tool destruction was
quick. With longer tools, the rate of penetration decreased.

Some tests on modified tools were made in order to study experi-
mentally the effect of the powdered rock cushioning successive tool
impacts. These modifica'ions are illustrated in Figures 16, 17, 20
and 21. Although insufficient tests were made to determine that
changing t .ol geometry is not an effective means of improving the rate
of penetrttion, these modifications did not improve the penetration
rate.

Two illustrations of rock fracture during sonic penetration are
also included. These are shown in Figures 18 and 19. Both fractures
are caused by, and are immediately adjacent to, the hole formed in the
rock by intermittent crushing under impact.

Figures 22 and 23 illustrate the beginung of an experimental
test series on the P-11fmodel of piezoelectric transducer to examine
the relationships between applied voltage and transducer resonant
frequency, cnd between applied static force and transducer resonant
frequency. As shown in Figure 23 the transducer resonant frequency
drops about 120 Hz between 0 V and 1500 V. This fact is useful in
determining the optimum resonant frequency of the transducer, measuredat 3 V, which will be expected to match the supply frequency under full

voltage excitation conditions.

The final section of Part I, entitled "Optimizing Transducer
Output," includes additional information in reference to 1) the drop

this information may be utilized to maximize transducer output in the
impact mode.

11e two concluding sections of Part I, both include additional
sonic rock drilling data under specialized conditions. In the next
succeeding section drilling rates with various long transmissions
lines are tabulated. In the last section drilling rates, as affected
by static force and applied voltage, are tabulated.

3. LONG IfMANSMISSION LINES

The test for impact-mode drilling with various lengths of acoustic
transmicsion lines is detailed in Figures 24, 25 and 26 and the test
results in Table IV are plotted in Figure 27.

28
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Figure 16 -The impact tools illustrated. her•e are replacements for the cylindrical

tools in Figs. 14 and 15. These modifications in tool geometry weretested for penetration rate in limestone,-
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Figure 17 -Holes drilled into limestone by using cylindrical, flat-faceci
tools in the impact-mode driven by 10 kitz transtiucer. Fi&vure 18
illustrates the back of the block, corres-pond ill-, Ito t~he hole
loc~ation pointed out above.
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Figrure 18 -Fracture Of limnestone block during penetration by imp.-tcet-mo~jeoperation Of flat-faced tool. "lee Fi g. 17 for front view of[~lock.
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Figvxre 19 -Fracture of limestone rock during penetrationi by imp.-ct-mtoie
operation of flat-faced tool. The wall of t he hole dil liet
by the cylindrical tool haS been blackr-ned f'or olarit~y.



figrure 20 - :liort rdi"c-.Ii1~e tool. with llolecL; drilled in its periphery.
TbQI list-,' d.ie-Liii~'tta With thiS tool.
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Figure 24 Overall view of console,

~ ~ limestone used in the study of
1I~~d~' ___uli~Itimpact--penetration with longII~lJjil~j transmnission lines.

*Figure 25 -Detail view of P-1l trans- Figure 26 -Detail view of work
ducer mounting in console illus- piece and transmission lines,
trater6 in Fig. 24k. shown in the overall view of

Fig. 24.

37



•? Table IV -P-11 Tiansducer, with Various Length Transmission Lines,
ab--Impact-Drilling Into Limestone Rock with Two Types of

Short Tools. Supply Frequency 1O,054 Hz, Fi 10,070 Hz.

Line Terminal Tool Description Static 1-Minute Input
Length Excitation Diameter Type Force Penetration Power(in.) (v) (in.) (lb) (in.) (W)

10 1550 1 flat-faced 120 1 1080
1/2" long

20 1600 1i " 120 3/4 lO8O
30 144o 1 " 120 7/8 1312
40 1580 1 " .120 5/8 1120

10 164o 1 " 160 1/2 1660
10 2000 1 " 160 1 1440
20 2300 1 " 100 1 1720
20 2150 3 " 160 1/4 14oo
20 1700 1 " 160 3/8 124o
30 164o 1. 160 3/8 1480
30 1950 1 " 160 j/4 1680
40 1720 1 160 5/16 1200
40 1960 1 " 160 3/8 i44O

10 1520 1-1/4 slotted, 120 1-1/2 1080
@ 1-1/4," long,

centerhole
20 2250 1-1/4 " 1oo 1 1520
20 1550 1-1/4 " 120 1 1280
3o 1550 1-1/4 120 1-1/8 lO88
40 1650 1-/ It 120 1/2 1500

10 2150 1-1/4 " 160 1-3/8 1144o
10 164o 1-1/4 " 160 2-1/4 124o
20 2100 1-1/4 " 160 1-7/8 1560
20 1650 1-1/4 " 160 1-1/4i 14OO
30 21X0 1-1/h " 160 1-1/4 2080
30 1650 1-1/h " 160 1-1/4 11.92
4o 2000 1-1/4 " 160 7/8 1600
4o 1650 1-1/1 " 160 3/4 1500

A
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As Figure 27 illuetrates, these acoustic transmission lines showed
a lower drilling rate with I$O lines than the 20" or 30" transmission
lines. For a given static force applied externally to the transducer,
increasing terminal voltage tended to increase the penetration rate,
but this was not completely consistent. There is asme evidence that
there may be an optimum ccmbination of static force and voltage for
the best drilling rate of any one transducer design, and worh material.

Based on observation of temperature rise in the transmission lines
during drilling, it is very probable that stress-reversal losses at the
nodes of the transmission linen account to a large degree for the
reduced effectiveness of the longer lines. Increasing the yield point
of the steel selected for the transmission lines will do much to improve
the energy transmission efficiency of such acoustic transmission lines.
The transmission lines described in Figures 24-27 (incl) are made of
drill-rod.

4. opMIZIN TRANSDUCER OUTPUT,

The research results, reported in this portion of the final report,
were not anticipated when the research plan was instituted. The signifi-
cance of the results herein reported is that new control parameters have
been identified for impact-mode transducers operating with a "free-tool",
i.e., a tool which is free and not r6strained by diaphragms or other
restraining elements fastened to the tool or bouncing mass.

The new control parameters make it possible, for example, to opti-
mize the drilling rate for an impact-mode transducer operating from a
fixed-frequency supply system. In a more general statement, the properselection of 1) the initial transducer resonant frequency measured at no-

load and at a very low voltage (3 to 10 V), 2) the externally applied
static force, and 3) the excitation level applied to the terminals of the
transducer, may make possible the optimization of the amplitude of motion
of the transducer tip in the work environment, with a fixed-frequency
supply system and an impact-mode method of delivering energy to the work
surface. Charts have been prepared to illustrate this relationship, and
to describe in detail the test methods utilized to determine the values
of the parameters.

Figure 28 illustrates a set of curves for the P-U1 transducer, in
a free-tool impact-mode operatipa), which includes the data described -A
in Figures 29 to 33. In Figure 28 a P-11 transducer tuned initially
(at 3 V. no-load) to 10, 125 Hz is shown to have an optimum operating
point at 300 pounds static force (applied externally) and 2500 V kpplied
at its terminals from a 10,05 Hz fixed-frequency power source. The
assumption in Figure 28 is that the work surface is being contacted
inatermittently by a free-tool, in impact-mode of operation, bouncing 6
between the sonic transducer's tip and the work surface.

4o
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The research results illustrated in Figure 28, which inc'ide
extrapolation of data described in the following pages, represent a
signif 4 -.-.-t contribution in the art and science of high-power trans-

ior ducer meration. It is believed that the effort expended in securing
the drta described in the following pages, to permit optimization of
"translucer output, represents an effective utilization of the man-hours

1. of research effort expended on the system development portion of this
research program. It would not have been possible to predict the -

- - existence of these control parameters at the time the research goals
4C were established on this project.

The data froa4 which Figure 28 was prepared is included in the
following eight charts and three tables. In general, the concept

"*' involved here is that a transducer's resonant frequency may be expected
to decrease at no-load, as the terminal voltage is increased. However,
"in the impact-mode of operation, optimum operation of the transducer
has been observed to be at frequencies higher than those predicted from
this no-load data. The increase in frequency, between Fv, the no-load
resonant frequency at operating voltage, and F)., the optimum frequency7 of the transducer, is desigaiated as A~r.

+ -Figure 29 illustrates the drop in no-load resonant frequency AFv,
due to voltage, as 'being 120 H7 at 1500 V on a P-11 transaucerý In
Figure 29, the increase in frequency up to &i optimum point is deecribed
as t.Fr, or 84 Hz at 1500 V and 50 pounds extern Uly applied static force.
"Figures 30 and 32 illustrate, respectively, the aFv ve.!sus voltage curve
at no-load and the 6Fr versus static force at various load voltages.
These charts have been extrapolated from test data described subsequently
in this section

In Figure 31, the relationship described in Figure 30 is developed
for two transducers differing in their initial resonLnt frequencies by
46 Hz. It becomes evident that, by varying the value of Fj, or initial
resonant frequency, it is possible to control the static foxce at which
optimum operation of the transducer will occur. In this illustration,
"a chang. in Fi of 46 Hz rbsults in a change In the optimum static force
from 50 pounds to 150 pounds. In this example, both transducers are
assured to be operating at 1500 V, supplied oy a 10,054 Hz power-supply.
Figure 28 illustrates a practical utilization of this principle.I The data on which the values of &Fr were obtained experimentally
is illustrated in Figure 33 and Tables V and VI. In Figure 33, the
power input of a lightly-loaded P-11 transducer operating on fixed-
frequency supply is plotted against the externally applied static
force. Curves for various operating voltages are shown. Table-V
includes the complete data showning a range of voltages from 300 to
1800 V and a range of externally applied static forces between 10 and
"160 pounds. Table V also indicates the means of calculating Fr for
each of the six sets of data. The data in Table V contrasts to that

* : In Table VI by the degree to which the trm:sducers were loaded.

i-.4-413: "7
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The peak power points in Figure 33 and Table V were found to
correspond to points of peak current and minimum transducer impedance.
in Table VI a loaded transducer was considered and the calculation of
Fr was based on the assumption that the steatic force at the point of
minimum impedance could be used in 11ace of the static force at the
point of maximum power. The correlation between Tables V and VI is
Judged to be sufficient to justify attempting to predict Fi for loaded
transducers as well as lightly loaded transducers. The results of this
endeavor is described in the following paragraphs under "applications
-f optimization principles."

Figure 34 shows the data in Figure 28, illustrated in a different
mode, In this chart the initial resonant frequency Fj is shown in
relation to optimum static force for several voltages'. The 3000-V data
is drawn from previous research in impact-tool operation. The 250-V
chart is eetimated.

Figure 35 illuutrates the instrument tior, utilized in the prepara-
tion of data in this series of experimental measurements.

Application of Optimization Principles

In the application of impact-mode drilling of limestone using sonic
transducers as a power source, there is a relationship between st.utic
force and drilling rate which appears to be independent of the optimum
static force illustrated in previous pages of this report. Figures 3,
and 37 illustrate variations in drilling rate due to both phenomena.

In Figure 36, the peek penetration rate of 1.2 to 1 .3 inches per
minute was found at 168 and 232 pounds in Curve 1. In Curve 2, it was
1.9 inches per minute at 105 pounds force. In neither case was the
transducer operating at its minimum impedance. The static forces for
minimum impedance are shown here to be related to the initial resonance
frequency Fi of ea-h transducer; this relationship was shown in Figure

314 in detail.

In Figure 37, Curve 2 is redrawn from Figure 36 and shown for
comparison purposes only. In Figure 37, it is apparent that the
selection of a value of Fi of 30 Hz hiner than that in Curve #2 htw
more than doubled the penetration rate. The selection of the value
10,120 Hz as Fi in Curve i•I, was made on the basis of the optimum
values recommended by either Figure 28 or Figure 34.

Table VI1 illustrates in more detail the effect of gradually
increaning the value of Fi or in 4 tial transducer resonant frequency
upon the penetration rate at a fixed frequency and fixed terminal
voltge. Note that the static force at minimum impedance rises with
the in)creases in F.
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In Figure 37, it is shown that a change of only 30 parts in 10,000
has effected a doubling of the penetration rate in limestone. This
fact illustrates dramatically that the parameter relationships described
In Figures 28 and 34 are of unique value in maximizing transducer output
in impact-mode applications.

In fact, it has been observed, as indicated in the footnotes in
"Table VII, that the optimization of the transducer operation leads
to a reduction in the transducer life. Apparently, it will be necessary
to limit the force-impulses transmitted into the transducer body rrom
the working tip of the transducer. Two designs of attachments to the

• itransducer have been considered and will be applied during the second
year of effort in impact-mode penetration of rock by sonic transducers,
which should have this desired effect.
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1. AXNALYSIS OF SONIC TOOL IMPACT ON ROCKS

Previoucs studies of a rectangular stress wave propagating along a
semi-infinite rod and incident on a rock show that the dynamic contact
force-penetration characteristics can be approximately represented by
a bilinear spring model as shown in Figure 1-1 where k, and k,, are
spring constants for the loading and unloading path of the bi'inear
spring. In the sonic drilling process, a short cylindrical bouncing
tool is generally used for transmitting sonic energy from the sonicF traisducer to the rock by rapid impacts against the surface of the
rock and the tranaducer tip. The problem of impact between the tool
and the vibrating transducer tip has been studied extensively in
previous reports. Based on previous work and the assumption that the
wave propagation in the tool is essentially one-dimensional, a tool of
given geometry and mass impacting on rock is studied in this report.

There are two ways of approaching this problem. One is to assume
that the contact force-penetration character of the present problem is
the same is that of a rectangular stress wave incident along a semi-
infinite rod. Of course, the assumption just made needs justification.
In this approach, it has the advantage of being simple in nature as
well as in mathematical manipulation. The rebound velocity and maximum
penetration can be obtained readily without involving ccmplicatted cal-
:ulations. Another way of solving this problem is by considering the
stress wave characteristics in the tool during impact. In this approach,
we are able to obtain reasonable results at the price of the complicated
numerical calculations involved. The differential equation governing
the penetration of a tool against the rock was set up and solved. The
recults for the previous two approaches are found to be very close to
each other. This justifies that, in solving the tool-load impact
p-roblem, the previous, simpler method can be used, i.e., one can assume
a perfectly rigid tool impacting directly on a spring of bilinear char-
acter without invoking much error in the results.

1-1 RIGID TOOL IMPACT ON A BILINEAR SPRING

Mahban* suggested that when a rectangular stress wave is incident
on rock along a semi-infinite rod, the contact force-penetration charac-
teristics can be represented by a bilinear spring model. We should be
careful here, since we still do not know whether the bilinear spring
model for rock can be used for the present problem of impact of a tool
against rock. However, it would be beneficial to make such an assumption
at this stage of analysis, i.e., the contact force-penetration charac-
teristic is the same for the present problem as for a rectangular stres.
wave incident on rock along a semi-infinite rod. In addition to that,

SMahban, H., "Response of Rock to Impulse Loading," Ph.D. Dissertation,
The Ohio State University, 1970.
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we assume the tool to be completely rigid. With the above assumptions,
the problem of tool-load impact becomes a rather simple one-degree of
freedom sprJng mass system with variable spring constant. The unloadirng
of the tool is along a different path to the loading curve.

A rigid tool with initial velocity Vo before impact possesses a
t6tal energy

E = (p•A V")/2 (i-i)

where p, A, and 1 are mass density, cross-sectional area and length of
the cylindrical tool, respeetively. The mhximum contact force and

penetration occurs when the velocity of the tool becomes zero and can
be obtained by equating the tool energy, E, to the maximum potential
energy of the spring.

E = (pAl V')/2 = 1/2 K, u (l-•

This gives

Ur 0 -4 (1-3)

Swhere um is the maximum penetration. For the maximum contact force Fm,
we have

FM KIum(14

or

Part of the total energy is generally lost due to the impact. Unloading
is along K - Ka. Tne energy loss, E, is the energy used to induce
crack in the roe.%. and is equal to the shaded ar'ea between lines of
loading and unloading in Figure 1-1, that is

1= /2 K, 2(l - KI/Kp) (1-6)

The rebound velocity is obtained without difficu.ty by considering the
energy after impact and is given by

The time tm raquired to reach the peak (maximum penetration) and the
t~ime required from peak to -omplete separation of tool and load, tr,
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Figare 1-1. Bilinear contact force-penetration relation.

are, according to one-dimensional spring mass system, respectively

/ 2_1 (-8)

""tr 3 .1k -- t (---)

...

The total contact time is the sum of tm and tr. After the tool leaves
the rock surface, there is a permwwant deformation of the rock, as
shown in Figure 1-1.

From previous discussion, it is easy to see that with the assump-
tion made of a rigid tool, the problem of tool-load impact is much
"simplified and all the results can be obtained without complicated
numerical calculations.

6)



1-2 ELASTIC TOOL IMPACT ON A BILINEAR SPRING

In the previous section, the discussion is based upon the assump-
tion that the contact force-penetraticn characteristics of tool-load
impact is bilinear. No proof has yet been given. A more realistic
approach is given here. It is based on Mahban's results obtained from
.ncident stress wave along a semi-infinite rod.

Wi) initial Condition of a Tool with Constant Velocity

It can be proied that a cylindrical tool with velocity Vo can be
represented by two rectangular stress waves of opposite sign propagating
in two different directions as shown in Figure 1-2. The magnitude of
the stress waves are equal to Vocp/2, where c is the' wave velocity in
the tool. Since both ends of the tool are free, the wave is reflected
back without distortion in shape, but with different sign.

(ii) Bilinear Spring Model and Governing Differential Equation

During impact of the tool and the load, the tip of the tool is
compressed against the load and is no longer a free end. The reflecLed
wave travels with velocity, c, away from the point of contact. When
It reaches the other end of the tool, it is reflected back as an
incident wave. There may be se.oral incident-reflection wave cycles
before the tool bounces back from the rock. A large force occurs
between the load and tool. As a result, some fracture and penetration

S~-F

SF'igure 1-2. Impact of a sonic tool against rock.
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occurs, The velocity of the tip, or the penetration, h., according to
one-dimensional theory of wave propagation in a rod is given by

S "• : " (Cri " Or) (-0

where E is Young's modulus, ai is the incident wave, and Or is the
corresponding reflected wave. During the first wave cycle of contact$
91 is equal to -Vocp/2; therea-fter, the shape of the incident wave
becomes more and more complicated.

The contact force between tool and load is

"P = A (a, + ar) (i-11)

Eliminating ar in equation (1-10) and (1-11), we obtain the following
"differential equation

it C Cnaj (1-12)
EA E

To solve the above differential equation, we can usp ., contact force-
penetration characteristics pointed out by Msban, and as already shown
in Figure 1-1. This model can be r:-ircased in the following forn,

S-IKIu(t) u > 0
F(t) = (1-13)

(KI. - Kz)Um + K2u(t) jj(-3

The problem can be solved with equation (1-12) and (1-13). The solution
S- follows:

"j ~(a) For 0 < t. <2

u A3 + Blepi-t

pL cK1/EA

At o/

IB -A, z -2,'oA/Kt

U (t)( )
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(b) For t 1.< t r2t,

1 A, i. (Bi, c.t+

T t -ti.

B;, u-L +f 2o0 A/K1

U:.) ~tl)(1-15)

tm = time required to reach maxLimum penetration

=t t- 2t,

A3 =2coA,/Ki.

B3= u,- 2cO0A/K 1

C-3 = 2u.

b +-.-. 2u+!a +
2plear0 Ul 2/

u(trn) (1-16)
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(d) For tn <t 3ti.

u A 4 + (B4 + Cj.)ep4 + E,4 e-p

A4 l !0.ýý cy : (K2-Kl)um/Kp,) t ttm
K:,

2c K "ui + 4h%]B4  ~ L 2m

TP-2t -- -
1

) 7t,:

E4  e UM~ (134 + C4tM)e

Etm 2 t,.

U(t1 )

(e) For 3ti, <t <3t,+ TM

u t.~.. + (B, + C.jT + D,,T)e -it Ef.e f -

A., c 2a0 A 1-=t - 3t1,

2c no + KUa) 8Pj~cro
E E(pE! -) P, + (2cr 0  A + (J) "

C'.~ 2 ~L ep -- (paL~' 2Lvo
E P: 7~ IA \p.-p 1 P %

8cp:?ay

1-1
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(f) For 3ti + < t < 4t,

u A,5 + "B, + CT)ei + (Ec, + F,.,e-pay

AE tE (t 3t, + P

2c 4p]. uo + ~a +p.rp +t
E(p2 - p-Y' A a -

8c. 1 V",(p,- +'p,)
-. '(p_- - 77

E,, n ep A, (Br + Cbt.h e-'pi~nl F~

F. -2p 2 E4  (1-19)

Once the value of u is known, the reflected stress, or, can be
obtained from equations (1-11) and (1-13).

It can be proved that the maximum penetrat. on never occurs within
the first cycle of the incident wave, nor within the second cycle if
Kn/A < 5.27 x 1lf ib/in-.' for steel. This is usually satisfied for
ordinary rocks. Generally, the maximum penetration, ul, happens during
the third cycle of the incidant wa,-e; at the same time, the penetration
velocity becomes zero.

The approximate value of rebound velocity can be obtained by
t/•king the mean value of the elastic waves in the tool when 5he tool
i no longer In contact with the rocat surface. A more detailed expla-
nation is given in the following se.!t.on.

.L-3 NUIERICAL EAMPLES AND ILLUSTRATION

Two example problems are given here to compare and illustrate the
results discussed in Section 1-1 and 1-2. The value of K, and K.2 of
the bilinear spring model represents mainly the effect of tip geometry,
initial velocity V.o (or equivu.ently stress level go) and the rock
properties. Only the flat tip tool with high equivalent stress level
(Vo 520.0 in./sec or a. = 39 ksi) and low stress leve)l (Vo = 78.67
in./sec or = 5.9 ksi) will be discussel here. The same discussion
can be applied to any otier cases.
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Example 1: Flat Tip Tool at High Equivalent Stress Level

L= 2.711 x 10 lb/in, , K2 = 9.10 x .05 lb/in':J . A
S~ (1-20)

Vo= 520.0 in./sec (or =O39ksi) , 1 1 in.

'rable 1-1 Ccmparison of Impact of Elastic and Rigid Tools

Tool Maximmn Max. contact Rebound Time req. Time from Total
penetration force per unit velocity to reach peak to 0 contact
U,,n(lo-31n.) area, F/A (in./sec)lpeak (-,,sec)j contact time

._.. (ksi) _I force (psec) (jisec)

Elastic 8.459 23.18 287-x 25.67 16.1 41.8
Rigid 8.603 23.57 285 25.99 14.26 40.25

approximate value

ExaMle 2: Flat Tip Tool at Low Equivalent Stress Level

3.17 x ic-3 lb/in9. K_ 6.67 x 10" lbIn.'
A A

• (1-21)
VocP

Vo 78.67 in./sec (or ao -- 2- 5.9 ksi) , l=lin.

Table 1-2 - Comparison of Impact of Elastic and Rigid Tools

Tool Maximum Max. contact Rebound Time req. I Time from To~al
penetration force per unit velocity to reach peak to 0 cont::ct
um(lO':in.) area, F/A (in./sec) peak (:tsec) contact time

(ksl) .... force (psec) (.sec)

Ela'tic l.Pq9 3.77 540 24.31 17.1 41.4
Rigid 1.210 3.836 54.2 24.16 16.66 140.82 $

Sapproximate vaLue

6(



Figures 1-3 and 1-6 give the penetration of the tool against the rock
surface for both cases. It is easy to see that the results obtained by
considering the tool to be completely rigid and the contact force-
penetration characteristics of rock under the impact of a rigid tool
Is the same as for stress wave incident along a semi-infinite rod is
very close to the results obtained by the stress wave approach. With
the closeness of u for the two approaches, we could imagine that there
ahould not be much deviation for values of the contact forces. The
results are shown in Figures 1-4 and 1-7 for high stress level and low
stress level., respectively. There i not much difference between these
two cases; i.e., the elastic tool and the rigid tool. In short, these)
two approaches give very close results as we can also plainly see from
Table 1-1 and Table 1-2. The deviation of mas :msz penetration and
maximum contact force for the rigid tool from the elastic tool is less
than 2% for both problems.

To understand the wave propagation in the elastic tool, the incident
and reflected str3ss waves at the tip for all time are plotted as shown
in Figure 1-5 and Figure 1-8. The solid line gives the magnitude of
the incident stress wave at the tip of the tool at anyr given time while
the dashed line represents the correspondin9 value of the reflected
stress. It is interesting to note that the maximum _ontc~ct force or
maximum penetration occurs at a time when incideint and reflected waves
have the same value; i.e., at a time when these two curves cross each
"other. The solid lines in the lower figure represent two waves propa-
gating in opposite directions. The total stress in th. tool is the sum
of these two waves and is shown as the dashed line, whi,'h is maximum at
the contact and is zero at the free ev-,. The stress distribution is
appro.km•ately linear. The above results are not surprising since, when
the tool reaches maximum penetration, the particle velocity is equal to
zero at the tip. We obtain cri - ar by equation (1-10). At this stage,
maximum stress occurs at the contact end while zero stress happens -t

the free end.

At the end of contact between tool end rock, the stress waves in
the tool are approximately equal to two rectangular waves wving in
opposite directions. The rebcund velocity can be obtained by using the
average value of the stress waves, aav, and the argument cited in
Section 1-2. Thus

2V-av 
(1-22)Vr =c--•

The value of rebound velocity for both the elastic and rigid tool are
given in Tables 1-1 and 1-2. The results are still in good agreement
to each other.
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"1-4 CONCLUSION

By looking at the results obtained in Section 1-3, it shows that
tne rigid tool method yields very good results. This justifies the
assumption made at the beginning of Section 1-i and is acceptable from
a practical point of view. By this assumption, it is possible for us

Sto reduce a theoretically and numerically complicated problem to a
simple problem whose solution is well-known to all engineers.

2. STRESSL DEVELOPED DURING SONIC IMPACT

Many sonic processes utilize impact coupling to transfer energy
from the transducer to the load. The impact may occur directly between
the transducer tip and the work surface, or between the tip and an
intervening tool. By either way, the objective is to transfer sonic
energy, in the form of standing waves in the transducer, to the load
during a fraction of cycle of contact. The two major parazrters of
interest during this process are the amount of energy transfer into the
load and the peak forces developed at the load-transducer tip interface.

"- - In the following report, a number of sonic impect situations will
be analyzed with the objective of determinin,; such aspects as energy
transfer and peak L':rce.

2-1 IMPAaT AGAINST A ROD

When a vibrating tretsducer tip impacts a load, the nature of the
stress wave trm=i.sion rand reflection is determined I f the impedance

S -" matching of the tip and load. Various loads, such as s.rings, masses,
dashpots, rock, etc., alU present different impedances to the tip. The
ctse of a load represented by another elastic rod is fairly simple to
analyze and will be instructive for the present case. Thus, from an
Sano.0ytical basis, it enables the effects of impedance matching on stress
and energy to be easily assessed. In addition, the rod on rod impact
represents the configuration used in some sonic impact situations.

Given is two rods in contact as shown in Figure 2-1, with a stress
wave incident on ihe functi.on. it is well-known Il] that the trans-

* "mitted and reflected waves will be given by

",!A, _-____ A2PeC. - A pic(
( A T 1A•Cp1 + A2P2cn 'I' R Alpc1c + A2pc 2 " -I

l- rom the def'initicn of rod impedance, V = peA, the preceding equations
n:ty lie written an
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--I _ _ _ _ _ _ _PTAAl

P21 A2 ,Ep, A, E2

Figure 2-1. Incident, reflected and transmitted wa-es at
a rod discontinuity.

'T = 7Z + Z( 2 +2 Zi Z/

z zI z I z 1(2-1.2)
TR = Z+ + Z_,

These may be written in terms of transmission and reflection coeffilients,

KT6I ' uR KR16I (2-1.3)

P- Ak cp c2 ( Z g/ZI(A1 /A2
KT =Alp1 c + A2p2 c2  1 + Z2 /Z1

gAp2c2 - A~pic=Z2/Z - I
KR =Alplc + A2 P2 c 2  i + Z7/ZJ

It is of interest to plot cT/ca and oa/o' for various ranges of±
impedance and area mismatches. The results are shcwn in Figure 2-2.
The dependence of cT/u, on the erea ratio az well as the impedance
ratio points out how energy transfer and stress level are somewhat
independent of one another. Thus, for V.2/Z1 = i, the energy transfer
will always be 100%. The induced stress level (transmitted stress
level) may be adjusted by altering the A,/Aa ratlo.
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The transmitted power is givea by

where

aUT F UT
- (2

UT f(x2 -~t

then

v,- -c'T GT= (2-1.8)

The result for v, may be writt.., as

S(2-1.9)

EaT

Then the transmitted power is given by

Using equation (2-1.3) this may be expressed in terms of the incident

wave s

The transmitted energY will be given by

ftPT(ýd 
(2-1.12)

The reflented power will be given by

PR PI PT E I E 2  I (a-l.13

E•. " h1 C c•2,



'-, ---- , It -~ i I | m | . -,- ,, ,

V Noting that P1  Akca 2/Ei, equations (2-1.11) and (2-1.13) may be
written as

P1 Ajc 1 E2 , P, 1  a "3zE2

£ Noting the definitioi. of KT, given by equation (2-1.4), the preceding
may be rewritten as

1- 9- ~4 (2-2..15)

It is seev that power transmission is dependent only on impedance
matc-ing, and is independent of area ratios. These quantities are

I plotted'in Figure 2-3.

It is of interiest to note that the transmitted pover is relatively
insensitive tO the impedance match for Z2/Z1 > 1/,2 For example, a.
minimnm of 751 of zhe power "a transmitted for 1/3 < Z2/Z 1 < 3.

The reault for the -rod impedance has been given as Z = pAc. The
.: derive.tion of tbic is given below. Consider the semi-infinite rod, as

shown in Figuýe 2-4. The solution of the equation of motion

8-,u 1 B5'u
FX? _C U-77(2-1.16)

of the form

u U (2-1.17)

u -1 e-'Yxeiwt I/-
The constant B is given frcm the boundary condition,

S-EA Du= ei' (2-1.19) • !
5 x x O 0 o.•

Which gives'

=I

B C/ i (2-1.20)-, - ,



Z, z

I()Z(b) Mal
Figure 2-3. (a) Transmitted and (W) reflected power' for various

impedance matches.$

Figure 2-4 Semi-ir4f.nite rod driven by a harmonic forcing~
function.
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I then,

(F F. iwei pAc (2-1.21)

I
2-2 WAVE TRANSMISSION DIMTO A WORK-HARDENING LOAD

Processes in metal deformation involve loads that, under static
conditions, involve elastic-plastic deformation characteristics of
various degrees of complexity. For purposes of the present analysis,
it will be assumed that the load may be characterized as shown in
LFirure 2-5. It is possible to obtain the force-deformation relation
shown by quasistatic tests, or by dynamic tests, as have previously
been done for rock drilling. Representing a complicated media by an
idealized force-deformation curve, suc1 as the above, essentially
neglects inertia effects associated with the load, and incorporates
only the stiffneso effects.

The wave propagation situation is shown in Figure 2-6. At x 0,
we have -

F A (oi(ot) + or(ot)] (2-2.1)

where

IT,+ K1 u(ost) P ~i(o~t) < 0 -u.1 < u(ost) < 0
F = [K 2 u(o,t) + b] , (i(o,t) <0 , -up < u(o,t) < -u. (2-2.2)

I rK1 u(o,t) - d] , A(o,t) > 0, -up < u(o,t)

and whereI! b Fy-KUy d:K2 (Up-u)+ F¥ - Klu (2-2.3)

I The method for determining the reflected stress waves and deforma-
tion have been presented in other sources, such as Mahban 12]. Thus,
in addition to equation (2-2.1), thare is the velocity condition, given
by

(o,-t) [ ) - r(oit)] (22.4.)

Eliminating ar(ot) fromn (2-2.1), (2-2.4) gives A1`

I A + oco4(o,t) = 2ai(ot) (V-'5)

I . 83
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'K I

F K2

U y U p .

Figure 2-5. Force-deformation characteristics of a work-
hardening load. ao

3

I 
_T___

-- 30 °• i

Figure 2-6. Force and velocity and conditions in a rod'M the presence-of incident and reflected .
stress waves.
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or

tt(opt) + IL F(Ott) -2 Ori (o t) (2-2.6)Pcoa PCo

Recalling the definition of rod impedance as

Zo-= pcOA (2-P.7)

then we have

( •O.,t +, ,ot 2F,(o~t)(2.8

where F(ost) is prescribed according to equation (2-2.2).

Consider Zirst the portion of the response in the elastic region.
Thus, (2-2.8) becomsM

S(,.,t),+ K ufot) 24(o,t) (2-2.9)
oý 0 ZO (2

This has the solution

_ u(o,t) = c e(•X-/Zo)t + up (2-2.10)

iTo obtain the particular solution, Fi(ot) must be specified. The case
of Fi(ot) "s a harmonic wave train is of practical value for sonics.
Tne case of Fi(o,t) a3 a rectangular pulse function is considerably
simpler to analyze, however, and m&y be used to approximate practical
wave shapes. We shalU suppose

•0• < t < tt (2..1
?i(o't)= (22.10 t ' < t <,

Depending on th'e magitude and duration of tht pulse, a variety of
responses are poasible. For the period t < t1 , (2-2.10) becomes

u(o't) = C e(.K,/z 0)t + ~ (2-2.12)

The constant C is determined from the condition,

i u(oo) : 0 (2-2.13)
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giving I
C -2F (2-2.14) 

I

Thus-

u(o) -F 0 (1 (-e,/Zo)t) (2-2,15)
K,

The forces generated will be

F(o,t) = (F 1 - e('Kl/Zo)t) (2-2.16)

The behavior of the generated force is shown in Figure 2-7.

.F

1 [

Figure 2-7. Contact force at rod end for linear region
of force-deformation curve,

The first question of interzt is whether the load will yield; i.e., n
referring to Figure 2-5, is F attained? It is obvious that this depends
on two factors, (a) the wagnitude of the incident pulse, Fo, and (b) the "
duration of the incident pulse, tj. Assundng that Fo is sufficiently
large, so that F7 < 2FO, the time required for this to occur, ty is p

Fy 2•Ff (l -• /Zo)ty) (2217)

or 8
SI _
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We now consider the behavior after the yield point is reached.
The gsoverning differential equation (2-.28) takes the form

| (ot) + Ka u(o,t) = 2F4 (ot) b (2-2.19)zoZO KO

Again we have for the solution

u(o,t) = D (K, 2/zo)t + up (2.2.20)

SAssm~ing that pi(olt) is still acting,, so that it is giver. by Foý the

particular solution is a constant, given by
2po - b

2F0 K2  (2-2,21.)Up (?

The constant D is found fron the conditions at t- ty. Thus, at t ty,
I~ u(o,t) = u., so that

uy D e(I/Z°)"gJ + up (2-2.22)

or

P e (-K2 /ZO)tY (u. up) (2-2.23)- Ji
where;•

KjjY)- 2F F
yUpY u UP - K2  +~K K Uy

I Thn = (2F0 F)(2-a .2~4)

g Then

u(o,t) - - (2-2.25)

I
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M EN
The generated force, given by equation (2-2.2) is

(2-2.26)
S•To plot the general behavior of (2-2.26)j, it in helpful to note

S•that the time constant of the above is glven by T., = Z /K2., and that
Sof the result (2-2.15) i~s T, = Z./kj. Since K, >-K22, ?hen T, < T_,.

is shown in Figure 2-8. The asymptotic value of the generated force
is still 2F0 .

F (Olt)1

2FO

A t Fgt

l: y tp

Figure 2-8. Contact force at rod end for bilinear portion of

force-deformation curve. A

In Figre L-5, the force F is meant to indicate some necessary
peak force level that must be e3tained in order to accomplish the
process. It should be evident at this stage that 2 Fo > F is bhus oneI reqnuirement for process accomplishment. tf this conditioN is meant and
the pulse duration, t1 is sufficiently lorg, the peak force will be
attained in some time, ti,. as chown in Figure 2-8. "

A more likely occurrence In sonic processes is that the pulze will

end before the process is acemplished and unloading will occur. During
unloading, Fi(ot) - 0 in (2-2.8), so that the equation of motion is a

A(ot) + (ot) = o, (t, < t < ce) (2-2.27)

zo

88[



The expression for F(ot) will be similar to (2-2.2) except for a dif-
ference in the value of d (as defined by (2-2.3) d corresponds to the
value for up, ,,anu aot an arbitrary value); ul, FI. Thus, we have

F(ost) =K, u(o.-t) -d (2-2.28)

iwhere

d Ku1 - F1  (2-2.29)

The rclv~tion bet~reen F1 ,u1 is given fromi (2-2.2) as

F1  K2u. + FP - KAut - •2 (u,-uy) + Fy (2-2-30)

A Thus,

-= (KI K2 )ul + Fy - uy (2-2.31)

iuv.ng that F¥ = Kluy, (2-2.31) simplifies to

d = (KY - K) (u, + u) (2-2.3)

I Tius, using (2-2.28), the equation of motion is

it + &LU ot)=r (2-2.33)S+Zo 0~~t

having the solution e i ~ +F

il(o~t) :.-G e(-K]-/Zo)t + _A

The constant G is established from the condition that at t t1 , u = u.=3 IThis gives

U(o.,t) = u, A~e(_"1/ZO)(t~t1) + A. (2-2.35)
K 1 , K1

From the solution, as t -. co, u(o,t) -*d/Ki. This represents the
residual, or permanent deformation of the system, as shown in Figure2-5. This in the-value given by (2-2.28) for F(o,t) = 0. Thus, as
t -, we obtain

I d (2-2.36)I 8| 89



from (2-2.28) and from the solution (2-2.35). The generated force is
given by A

F(ot) (Kju, - d)e(K1/*°)(ttl) (2-2.37)

A plot of this force as pirt of the total response is shown In Figure
2-9.

The results thus far show the generated force presuming that
2Fo > Fp,, but where also F, < Y. Thus, urloading occurs before the .1
process can be accomplished by &he force pulse. We now consider what
occurs when a new pu3se strikes the material. It is possible to de-
scribe rather precisely the behavior without additional mathematical
solutions. Thus, as the new pulse strikes the load, the initial force
generation will be again governed by the elastic slope, K1 . However,
due to the work.hardening, the force will have to rise to the previous
maximum F1 (instead of Fy-as shown in Figure 2-9) before the response
is governed by the slope K2 . The curve will continue to rise until -.
2Fo is attained, Fp is reached, or the pulse ends. A series of hypo-
thetical pulses is shown in FIgure 2-10. Thus, in the figure, the

- jimplication is that three pulses are required to attain Fp.

For subsequent cycles, increasing amounts of the deformation time
are required just to overcome tLe elastic resistance of the system.
Thus, pulses of increasing length mignt be required.

Numerous aspects of "time" could now be discussed, such as the
total time required to do the prccessq optimum time, etr.. Howevwr,
further discussion of tnese, or other aspects, such as pulse super-
position, will be postponed until later.

Special Case: Elastic-perfectly Plastic Load

Suppose the force-deformation characteristics of the load are
characterized as in Figure 2-11. The work process is considered to be
complete when the deformation reaches u . Again, supposing a rectangular
pulse impinges or. such a load, the initial responce, up to yield point, _3
will be given by the previous analysis, results (2-2.16) and (2-2.18).
After yield occurs, the governing equation is (2-2.19), where K;. 0. *

Thus,

(ot) °o b - b= F (2-2.38)

or V20

&(o~t) (2-2.39)19 0X

- I!

... . . .- +T -• • + +p ,,,.+• . . . . . + r- -+•+ .. .. . .-



I F (o,t)

F.

Fy

ty tj

Figure Ž-9. Complete l.oading and unloading end force
behavior for bilinear curve.

F (ot)fT 2Fo 
-

F2
F1

SI 
t2t

F Figure 2-10. Force pulses required to reach Fp.

Fy I

"II
/KI

Uy up
I Figure 2-11. Force-deformation curve of an elastic, perfectly

plastic load.
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I
This has the solution

U(o,t) 1(2Fo- ) t + c ,2-2.40) R..Zo

where C Is found from the condition that at t = tV, u(o,t) = uy. Thus,

-- yty (2-2.41) 1:
and I

u(ot) ( - (t-ty) Uy (2-2.42)
z° 1;

Of course, the generated force remains constant during this time. If
the pulse ends, the system unloading is governed by the slope KX as
previously shown. The behavior of the generated force would be as
shown in the Figure 2-12. This response is perhaps seer as the logical
limit of that shown in Figure 2-9, for smaller and smaller K_.

F (o,t)

F FA

fY

t
ty t,

Figure 2-12. Forze pulse for an elastic, perfectly
plastic load.

More complex cases of force-deformation curves could be analyzed.
Thus, the force deformation of a lead slug compressed in a cylindrical
die was found 13) to be approximately that shown in Figure 2-13!a).
Tiie geometry of the slug-die system is shown in the Figure 2-13kb).
Now, the initial region of the force-diformation curves, governed by
K , is the elastic deformation of the slug. The portion of the curve
governed by K:_• represents the work-hardening of the slug. At a certain
point of loading, the expanded slug comes against the sidewalls of the
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Fp

IT K

FG 4K

F K2

ILI
1It

~RI.Figur'- 2-13. (a) Force-deformation curve for a slug-die configuration

K: a.s shown in (b).

die. The additional constraint eauses the slope of the force-deformation
curve to rhiarply increase giving an equivalent vork-hardening. On the
basis of the previous work, it is possible to predict the nature of the
generated force rather easily. Thus, suppose the pulse is of sufficient
duration to pass from K1,, through Ka~ arid onto the K3 portion. The re-sponse would be as shown in Figure 2-14.

F (ojt)

2F0  .-

0 le

F
y

Figure 2-14. Force pulse acting on slug governed by
by a force-deformatiors cur.ve as shovun in
Figure 2-13(a).
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2-3 WAVE TRANSMISSION INTO ROCK

This has been extensively analyzed by Mahban [4(3, but a few addi.,
7 tional ccoments are in order. For a given rock and drill-tip geometry,

we assume that the force-deformation relation is as shown in FJ Sure
2-15. Nov in rock, as implied by the force-deformation relatiwn shown,
there is no "perfectly-elastic" region (except for very low loads) as
there is for metal loads. Thus, any force developed will cause some
permanent deformation (or penetration). Every impact will perform some
useful work, whereas for loads exhibitinga perfectly elastic region, A
a portion of the force pulse must overcome the elastie resistance. If
the puls. level is too low or too short, it is entirely possible for no

useful work to be done.

K,

Figure 2-15. Force-deformation curve for rock.

With these remarks in mind, and tue results of previous analysee if
available, it is possible to sketch the force generation curve directly.
The time constants of the loading and unloading portions are governed
by the slopes K1 , K2 . Since K2 > K1 , the system will unload more
rapidly than load, as shown in Figure 2-16. The figure actually depicts
several possible responses, depending on the duration of the applied
pulse.

Because of the markedly different force-deformatton relation for
rock in contrast to metal loads, the amount of energy and peak forces
required to accomplish a rock penetration process may vary widely,
whereas there are invariant quantities for the metal load. To illus- A
trate this, a sonic rock penetration process may be considered "acacm-
plished" when a net penetration, u%, is attained. In Figure -Z-17, it
iS shown how this may be attained by several combinations of paths... 9

Thus, path 0-3-1 reaches p� by one impact, path 0-2-7-9-4 represents
two impacts, and the remaining path represents five impar.ts. Obviously,
the peak forces attained and total energy required differ markedly for
the three cases. t
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F(c,t)

2Fo

-- I

It
?"ti ti' ti t

Figure 2-16. Force pulses on a rock load for various durations
of the '.pplied pulse.

"' I '-"

F 3

S. II
2

[_ --

1:13

IL 4, _2 0 5 7 10 12 Up

rigure 2-17. Equivalent rock penetration via variousI t torce-deformation paths.
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Additional insight on the effects of varying the parametars of the

input pulse may be obtained by considering a train of incident pulses,
each of wrUlitude Fo and duration t 1 . The pulses, the force-time and
forpe-deformation hittorieo-are shown in Figure 2-18.

One way of varying the puloe parameter is to assulde that the ampli-
atude h cs been inlased to F0, with the duration romn the same.
The behavior is thown in Figure 2-19.d where the results of Figure 2-18
aro also included is the dashed lin . It ie obvious that the net pened.
trationh 3ul after three pelnes, it considerably areater than for the
pulses of magnitude Fog

S~Another method of parameter variation would be to hold the pulse

oamplitude content, while in.reapiag pulse duration from t1 to t31i '- It is rather easy to deduce the consequences of this by referring to

. Figure 2-48. 7f the pass is-of greater duration, the generated force
Sin increased saiz-e the duration of the exponential rise is prolonged.
•-•The reset on the force penetration in the sare as that for increasing

pan~e amplitude.- Thuij- a figure similar to Figure 2-19 resu~lts. The T

ol differifce, between Jncreasing amplitude and increasing duration

is the time required tc affeot the penetration. Otherwise, the effects
on the net penetration are the sae.

S~ 2-4• Pmwm•

31. See, for example, Goldsmith, Impact, Edward Arnold, Ltd., 1960.

2. Mahban, H., "Rock Behavior Under Impulsive Loading," Ph.D. Disserta-
tion, The Ohio State University, 1970.

3. Wei, T. Y., "Study of the Deformation of Lead and Aluminum Slugs
Under Impact," Project EES 358, August, 1970.

4. Ibid

3. VIN•MIM CHARACTERISTICS OF A SONIC TRANSDUCER

3-1 WiTRODUCT-IO

The impact coupling process of sonic energy transfer involves the
continual interaction of the sonic tool with the work surface and the
sonic traniducer through a series of impacts. The case of tool impact
with the work surface (rock) is under separate investigation in the
study of rock drilling. The case of tool impact on the transducer tip
has been previously studied by Ftng and Graff fllý Feng [23, 13) and
GrafT and S"hieh [4]. These studies have been concerned with the single
impact of tools of various shapes on vibrating transducer tips.
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tI i
F (o

2 F!mF,

F,

U" 2U1  3 
÷2U" 3U 1

Figure 2-18. Contact force F(ot) and force-penetration for
a series of three incident pulses.
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a'

t t t t t t

I 

-I I2F0

F -I

F11

3u, 2u, 3U

FA Figure 2-19. Contact force F(o,t) and force-penetration for a
series of three pulses having twice the amplitude
of those shown in Figure 2-18.
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A major aspect of the tool-transducer impact that has not yet been
considered is the energy removal per impact relative to the total stored
energy of the transducer. This factor bears directly on the rapidity
with wiich energy can be removed from, a transducer in an impact coupling
process; i.e., the number of impacts per second.

In studying this last phase of the problem, it is as important to
determine the stored energy characteristics and q of the transducer as
it is to establish the energy removal per blow. For this reason, a
major portion of the following study is devoted to stucying the various
transducer characteristics that enable these qur.ntities to be determined.

Thus, one of the important factors in the use of a transducer for
rock cutting is to understand the properties of the unloaded transducer,
these properties including the study of the Q-factor (quality factor),
strain at any point along the transducer, tip displacement of the trans-
ducer and the temperature variation during the opiration. The under-
standing of the Q-factor will provide the information about the energy

* dissipated in each cycle of vibration. The information on strain at
any point along the transducer and.the tip displacement of the trans-
"ducer will also enable the stored e_Aergy to be c- .culated. Finally,
the study of the tpe.rature changes during the transducer operation
will provide some idea about the frequency shift and temperature versus
operation time relationship. Some analytical calculaticns for the
strain and the tip acceleration of the transducer are also presented.

Another important study that has been carried out is the investiga-
"tion of the transient response of a transducer caused by the impact of
a tool said the influence on Q-factor for different methods of mounting
the transducer. These findings will provide information about the
energy recovery of the transducer in the impact coupling prccess and
the Q change because of different transducer mounting. Each experiment

~ will be presented and discussed in a separate section, and all experi-
mental equipment set ups and procedures will be included in a single
section.

_0

3-2 THEORETICAL ANALYSIS OF THE P-7 TRANSDUCER

In order to theoretically calculate the stored energy in the P-7
transducer, knowledge of the longitudinr4 vibrational mode of the device
is needed. Although the design principle of the P-7 is that of ,a half-
wave-length stepped horn, having the node located at the step, the
actual configuration of the transducer departs considerably from this.
Thus, mounting shoulders and threads, the center bolt construction, the
ceramic rings and electrode and other features represent significant
departures of the actual transducer from the stepped horn.

A first step in analyzing the transducer consisted of consideringA' a, homogeneous stepped horn assembly where the horn dimensions were in
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accord with the actual P-7, as shown in Figure 3-2.1. Thus, all inhcmo-
genities of :,-onstruction and materials are ignored in this still highly
simplified model. However, the unequal lengths of the sections are
accounted for.

X1 X2

DIAMETER METER D2- 5/8 in.
DAx1.5in. T

S5.5 in 4 in.

Figure 3-2.1 - Coordinates system and dimensions of a stepped horn.

To carry out the analysisp we have the governing differential
equations for longitudinal wave propagation in a rod as

(3-2.1) i

where

C = : longitudinal wave velocity

E = elastic modulu-

= mass density

The solutions of the differential equat-Lna are -

g, = (A sin kx1 + B cos kx 1)cos w (3-2.2)

IL = (C sin kx, + D cos kx 2)cos w.t

where

k:1= (3-2.3)

100_f



and w is the frequency in radians per second, The boundary conditions

II -, X=0, X2 = 0

[ I BA xi = 0 x2 = 0
=0 , xt i = 5.5 in.

t 0 , x-, = L= 4.0 in. (3-2.4)

Substituting (3-2.2) into (3-2.4) we have

SA cos kLj - B sin kLj = 0
C os kL2 - D sin kL2 = 0 •
B D= -DI IA = A2C (3-2.5)

These last equations can be simplified to

A?- C cos kL1 + D sin kL1 = 0
SI C cos U2 - D sin kL2 = 0 (3-2.6)

For a non-final solution, the following relation must be satisfied;

Scos kL1  sin kLj

A1  = 0 (3-2.7) I
COO kIj2  -sin kLdj,

This gives the frequency equation

-A cos kL1 sin U2L + cos kd, sin kL1 = 0 (3-2.8)

For the present case

S~D, = 1.5 in. ,D2 = o.625 in.

L, = 5.5 in. , L: = 4 in. (3-2.9)

Then the frequency equation becomes

2.62 os 5.5k sin 4k + sin 5.5k cos 14k 0 (3-2.10)

IiO
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The first root (iL.e., first mode) of (3-2.10) is k 0.3re-5, The dis-
placemen reatin can then be expressed as

=(2.038 sin kx, - coo kx1)D coo wt (-.1
IL2 =(3.1.72 sin kx2 + coB lcx2 )D cos ut (21

Based on this last relation, the displacement profile of the transducer
can be shown as in Figure 3-2.2.
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STRAIN

XI -•' ,. , ,.. -* x2  •S5.5 4 3 2 1 1 2 3 4

H4

Figure 3-2.3 - Strain profile of the P-7 unloaded
transducer (cos wt = 1)

For the acceleration at any point in the transducer, we have

at -DwI(2.038 sin kx1 - cos kxi)cos wt

(3-2.13)
i a.,, -Dw;?(II.72 sin kx2 + cos kx;,cos (it

The acceleration profile along the transducer is as shown in Figure .3-2.i.

'ACCELERATION

-4.5 DW2 -I.9DW2 -W .64DW2

X, I 2 3 4

"W , I 2

I -8.69DW2  -I 1.76DW_

Figure 3-2.4 - Acceleration profile of the P-7 wnloaled
transducer (oos wt 1)
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The major task in the present test is using the experimental3
results to determine the constant IV', either from the results of the
strain readings or from the results of the acceleration data. Theo-
retically speaking, the D constant calculated either from the strain
test or from the acceleration test should be the same, but actually
same difference due to the experiment set up or instrumentation maybe expected. +

A second theoretical calculation pertains to the stored energy in-
the transducer. Thus, fron a knowledge of the vibration profile of the
transducer, it is possaible to compute this quvvtity as follows: When
a trp;Lsmission line is subjected to a longitudinal stress, a, and strain.
e, the stored energy per unit volime, e, is given by

( = (3-2.14)

SFrom previous calculations for the expression of displaceient and
strain, we have

= (2.038 sin kx]. - cos kx1 )D cos wt "32-5

11= (11.72 sin kx2 + cos kx_)D cos w(3-2.1)

iwhere k = 0.3725. Assuing Hook's Law holds, so that a Ec, then

e = = (3-2.16)

From c = c~x, we have

el = (2.038 cos kxI + sin kx1 )kD cos wt

S= (11.72 coo kx2 - sin kxK)ID cos t (3-2.17)

el = 2 D2(2.038 cos kxI + sin kx.)2cos2 wt (3-2.18)
e2 = -2'L2D2(l1.72 coo kx2 - sin ix 2))?Cos

2 (t

The average total strain energy in a transducer of length L and cross-
sectional area A is given by

e =l:m [, e dx dt (3-2.19)
T*. 0 0 d I

For the stepped transducer, this becomes,

e el + e" (3-2.20)
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where. . - [A i I.

e .lm [A, ooe 6 .dxtj

(3-2.21)

Substituting (3-2.18) into (3--2.21) and carrying out the integration,

we obtain

I 1 = 2.0382(L-L + 1 i 2LL + -3 snk,
2 WE k

2 +~.. 1 sin 21kli)]
- A 2 Ek~D r 2 (3-2.22)

2 k

In the present case, the various parameters are

L1 = 5.5 inches , L2= 4.0 inches

A1 = • (1.5)2 = 1.7672 in. , A2 - (0.625)2 = 0.3068 in.

E ,29 x i0P lb/• , k = 0.3725 (3-2.24)

r Substituting these values in (3-2.22) and (3-2.21) gives,

= 29.7893 x 10OD 2  , e= 80.3057 x IO&D2

e = e1 + e = 110.095 x IOD 2  (3-2.24)

Thus, for a given value of D, which must be determined from experimental
data, the transducer stored energy may be calculated.

3-3 EXPERIMENTAL EQUIFPEMT AND PROCEDUPXS

A power source, an impedance matching devicc, and methods of
lr asuring power, voltage, and temperature comprise the major elements
of the system used in this work. The power source consisted of a
Bruel and Kjear 1013 oscillator feedi.ng into a McIntosh 275 ý wer ampli-
fier. A sonic matching transformer provided impedance matching between
the amplifier and the transducer. The transformer had variable turns-
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ratio settings to allow optimum matching between an amplifier and a
given transducer. Watt and voltage meters were also included in the
system for monitoring purposes. A schematic of the overall system is
shown in Figure 3-3.1.

In an effort to silence the acoustic noise of the P-7 sonic trans-
ducer, a sound-proof box was constructed. The box was constructed of
plywood with outside dimensions of 19" x 25" x 25", with the entire
front being used as a door. The inside was lined with sound-proof
panelling. The final inside dimensions were 19" x 20" x 20s", giving
a total volume of 7600 cubic inches. Two pieces of plexiglass sepa-
rated by a one-inch dead air space provided a sound-proof window in
the door for visual monitoring purpose. The resulting box is shown in
Figure 3-3.2 with the door opened and a transducer in place.

A test was needed to determine the efficiency of the soundproofing.
A L-peaker was connected to an amplifier-oscillator combination. The
speaker was placed in the box and an audio level of 100 dB at 10 kHz
was applied. The box docr was closed and the level droped to 55 dB.
This proved to be adequate soundproofing for the P-7 when operated
below 100 watts.

The amplifier-oscillator combination consi3ted of a B and K 1013
voltage compression oscillator and a McIntosh 275 power amplifier. The
oscillator operates over a range of 200 to 200,000 Hz. The amplifier
hclds a flat response from 50 tc 259000 Hz. This combination produced
an output of from 200 to 25,000 Hz at 100 W i 3 dB, These pieces of
apparatus are shown in Figure 3-3.3 (a), (b).

An impedance matching device was needed to match the output of the
power amplifier to 'he transducer. This piece of apparatus is shown in
Figure 3-3.3 (b).

Several tests were performed to define the effects of the trans-
former on the parameters of the system. The transformer had an input
impedance of 360 n and a switchable output impedance ranging from 360
to 5000 no The effects of each of these se'4tings on bandwittv v.,, the
first test performed. The results are given in Figure 3-3.h. '.'he
power transfer curves are shown on Figure 3-3.5 and 3-3.6. The res.lts
of these tests indicated that a setting of 5000 S output impedance was Al
optimum for power transfer to the P-7 transducer.

A variety of measurement devices were incorporated during the
course of the test, including the F-W Bell wideband wattmeter, the
Hewlett#-Packard model 3400 A RM voltmeter, and the Tektronic 59
oscilloscope. These instruments were used in monitoring the electrical
input characteristic of the P-7 transducer. Z

An Advanced Product Inc. thermocouple temperature meter was used

to monitor the thermal characteristics of the P-7; a calibration check
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iI

OSCILLATOR ELECTRONIC
MBRUEL a . COUNTERf KJEAR 1013) (5233L)

TEKTRONIX
: - 549,

II

I OSCI LLOSCOPE1

AMPLIFIER ULTRASONIC
(McINTOSH . - - MATCHING

275) TRANSFORMER

fWIDEBAND
"WATTMETER
(HPM-501)

•-•" * lVOLTMETER

TRANSDUCER

Figure 3-3.1 - Block diagram of apparatus.
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was run on this device prior to the transducer tests, These results
are given in Figure 3-3.7.

Finally, measurements of the mechanical vibration parameters of
the transducer were accomplished using strain gages, accelerometers
and a magnetic transducer pickup. Thus, a single Micro-measurements
type EA-06-OOAR-120 foil gage was mounted two inches from the step ofthe transducer (this location also being two inches from the tip). Thegage vas a single arm of a Wheatstone bridge strain gage r.ircuit. During

the course of the test, it vas found that these gages fa!.led rather
rapidly due to fatigue. Transducer tip acceleration was measured using
an Enderco 2222 microminature shock accelerometer. A BrUel arnd Kjaer
type MO0002 magaetic transducer was used to monitor the transient re-
sponse of tip movement of the P-7 transducer.

3-4 PROCEDURE, RESULTS AND T.sCUSSION ON Q, STRAIN,
TIP DISPLACEMENT AND TEMPERATURE STUDIES

(A) q-Factor at Constant Power

The damping properties of forced or free vibrators are often
specified by the quality factor Q, which has been defined as

Q •Maximum strain energy stored in vibrattion 34.)
Energy dissipated per cycle of vibration

For lightly damped systems, the bandwith method is also used to measure
the Q.-factor, where,

fr (3-4.2)

and where

fr = resonance frequency,, and

fa, f, = frequencies of the half power points.

The objective of this particular test was to measure the transducer
Q at constant input power over a prolonged (90 minutes) time interval,
during which the transducer temperature changed markedly. The experi-
mental setup was as previously shown in Figure 3-3.1. The procedure
was as follows: Starting at room temperature (approximately 72°F) the
transducer *as turned on and operated at resonance at a constant input
power (20 W in the present case). Under continual operation the trans-
ducer temperature increased and this change wis recorded at five-minute
time intervals. The transducer resonance frequency would also shift

3 with the passage of time. Compensation for this shift was made by
varying the drive frequency so that the input power remained at 20 W.
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At five-minute intervals, the transducer Q was determined by quickly
shifting frequency to the half-power points and, thus, determining the
bandwidth at a given time and frequency-. The results obtained from
this test have been plotted in Figure 3-4.1. It is ,een that the Alresonance frequency changes from 9W2 Hz to 95H, .. th the tempers- -

ture change being from 72OF to 138OF during the 90 minutes of operation. V
The important observation is made here that the Q-factor is practicvAlly
constant at Q a 400 and is independent of the change in resonance fre-
quency and temperature as well as time for a given power.

(B) Q as a Function of Input Power

For a fixed power (20 W) the results of the previously reported
test showed transducer Q to be constant. An understanding of the vari-
ation of Q-factor with respect to the change of input power to a reso-
nating transducer is also significant. A particuler interest is
focused on the change of q for large values of input power. The in-
strumentation setup- and procedures for this test are the same as the
previous "'Q" test. The transducer was operated at its resonance fre-
quency (fr) for a given input power. By means of the bandwidth method,
the' value of Q corresponding to a given value of input power was found

by finding the half-power frequencies (f% and f 2 ) and using the relation j
Q = fr/(f2 1-f.) A crude resul., due to not considering the temperature
build up in the transducer dur:.ng the test, is shown in Figure 3-4.2.
Another more careful test was conducted and the result is presented in
Figure 3-4.3. It, is seen that at low power levels, the q is quite
high (thus, q = 600 for an input power of 5 W). The Q then drops
rapidly and appears to be approaching a limiting value )f about 300
for input power of 40 to 50 W, although these power levels are far
below the rated capacity of the transducer (700 W), the asymptotic
behavior of the s-factor suggests that it would not be drastically jshifted at yet higher power levels.

(C) Transducer Temperature Measurement

It is a well known phenomenon that the resonance frequency of a.
sonic transducer will be shifted due to temperature changes in the
transducer. The objective of the work reported in this section was
to obtain extensive data on the temperature change--frequency shift

characteristics during operation. The work elaborates on that given
earlier in Figure 3-4.1 for a specific power level, The highest tem-
perature is generated at the copper electrode (located at the exciting
crystals). During the operation, the temperature is conducted from the
general nodal region where the copper electrode is located to both ends
of the transducer. Thus, it is desirable to have several pickups to
measure the temperature change at different locations along the trans-
ducer. In the final setup, shown in Figure 3-4.$, three temperature
pickups were utilized.
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-T TH E O--I 0B/ HERMO PROBE

SWITCH

iii

IBox THERMOMETER

Figure 3-~4.4 -Basic setup for transducer temperature measurement.

4 . An "Advanced Product" model temperature pickup was used in the
test. Between the tip of the temperature probe and the transducer,
"Dow Corning 340 silicone heat sink compound was used as a thermal
bridge.

"The test was conducted at several input power levels (10, 20, and
30 W). As the transducer operated at a specified Input power and reso-
"nance frequency, the temperature rise at the thrt selected locations
(A, B, and C) for different operating times was recorded. The results
for the various tests arc presented in Figures 3-4.5 through 3-4.10.

It should be recalled at this point that the transducer was oper-
"ated in a closed sound-proof box. The box tended to act as an adiabatici container, so that heat conduction away from the transducer was altered
compared to the open envirorment. However, the present test will pro-
vide a general picture for the temperature study of a transducer.

From the experimental results, It is observed that the highest
temperature is always generated at point B (i.e., the copper electrode)
and the temperature gradually decreases from B to point C and A. Further,
the resonance frequency is seen to change as a function of operating
time Fnd temperature increase in a manner previously noted in Figure

I (D) Measurements of Strain and Acceleration

As part of the general objective of the test program of detezi~ining

S- he energy storage and dissipation characteristics of the P-7, it be-
came necessary to measure the tip acceleration of the transducer. [hie
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to the lack of availability of direct methods of measuring the small
amplitude, high frequency vibrations, two indirect methods were used.

In the first method, a strain gage was mcunted two inches from 1,
the transducer tip, as shown in the schematic of the setup in Figure
3-4.11. With the transducer operating at resonance frequency, the
strain amplitudes were recorded for various input powers. A typical
strain gage output is shown in Figure 3-4.12. The strain amplitude-s
measured for 5, 10, 20 and 30 W is given in Table 3-4.1. The resulting
stra.n data was used in conjunction with a theoretical model of the
transducer to obtain a value of tip displacement. These aspects are
reported in a later section.

S. ..
i2

______ STRAIN GAGE

SOSCILLO-
SBAM-ISCOPE

BRIDGE AMPLIFIER
METER MODEL
BAM-I

Figure 3-4.3I - Basic experimental setup for straii, measurement

Strain gage used: Micro-Measurements Products

Gcge type: EA-06-OOAR-120

Gage Factor at 75OF: 2.035 ± 1.0%
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I Input power s20 watts
Res. frequency = 9716 Hz

I Each vert. dlv. = 0.2 volt
Each horiz. div. = 50 Asec

Figure 3-4.12 - Typical strain output observed from oscillotsccpe.I]
Table 3-4.1 - Strain at Various Power Levels

4 Input Power, W Zero-Peak Strain Gage Reading

5 138 x 10-8
10 206 x 10-
20 275 x 10"
30 334 x i0"eI The second indirect method was to measure the tip acceleration.

The experimental setup for this test was as shown in Figure 3-4.13.
A typical acceleration output is shown in Figure 3-4.14. The data
for the tip acceleration at 5, 10, 20 and 30 W is summarized in Table3-4.2. The use of this data for establishing certain aspects of themathematical model of the transducer and for obtaining the tip dis-
placement is given in a later -cstion.
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2222 ACCELEROMETER

~~OSCILLOSCOPE 'I•.

ACCELEROMETER VOLTAGE SENSITIVITY: r
1.0 pk.mV/pk.g NOMINAL ;

Figure 3-4.33 - Basic experiment setup for acceleraticn measurement. I

::0

5 Input power = 30 watts

Res. frequency = 3705 Hz

Each vert. dir. 5 volts
Each horiz. dir. = 20 psec

Figure 3-4.14 - Typical acceleration output cbserved from oscilloscope.
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Table 3-4.2 - Tip Acceleration at Various Power Levels

Input Power, W Tip Acceleration

Iin./sec2  g

5 0.21357 x I07 5.527 x 103 g

10 0.27589 x 107 7.14 x lO3g
20 0.37770 x 10' 9.775 x 103g
30 o.45063 x 10 11.662x lO-g

r (E) Comparison of Experimental and Theoretical Results

Theoretical calculations on the vibrational mode and energy storage
of a transducer were reported in the earlier section (1-2). Experi-
mental results on the q, strain level, tip acceleration, frequency
variation and the temperature changes occurring in a transducer oper-
cating at various power levels were reported in the previous section.
It is of interest to make comparison between the two types of results,
where possible.

I We first consider the case of tip displacement of the transducer
4 as obtained by strain and acceleration data. Referring to equation

(3-2.11), it is seen that the constant D must be determined in order
to predict tip displacement. Referring to equations 13-2.12) and
(3-2.13), tt is seen that this constant can be found if the strain or
acceleration is known. In other words, these last formulas enable D
to be obtained from experimental data. Thus, for the case of strain,
we have the strain gage loacted at x? = 2 inches, so that

D _______ _______E (3-43)D = K(11.72 cos kxp - sir kxa)cos wt = 2.9567 cos •

where k = 0.3725, then

D= 1(2.038 cos kxl + sin kxl)cos wt
2= kD(1l.72 cos kx2 - sin kx2 )coa u (3-4.4)

For the various input power levels, the value of the constant D A
as determined from the strain data is given in Table 3-4.3.
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Table 3-4.3 - The Constant D for Various
Power Levels from Strain
Data

or rInput Power, W D i I
5"... 4.63 x IO"q

10 6.97 x 10"-5

~30- 11.288 x 10"',

+I
eaFor the case of acceleration data, the constant D is given fromSequation (3-2-.13) a

a:2 = -Dw2 (ll.72 sin kx2 + cos kx_2 )cos wt (3-4.5)

S~or

D 7Ta-. 7 (3-4.6) R+=w(ii.72 'sin kx2 + cos SFx2)cos wt

At the tip, x2 = 4 inches, for cos wt = 1, the maximum value ofacceleration is determined for comparison with experimental data. The

resulting value D for various input powers is given in Table 3-4.4.

Table 3-4.4 - The Constant D frcn Acceler-
ation Data

Input Powers W D j
5 5.066 x i0"-

10 5.617 x 1O-5

20 7.94 x lO-5
30 9,276 x l0--

' From a theoretical point of view, the D constant calculated from

the strain test and the acceleration test should b3 the same, but
actually, due to the approximations made in the transducer model, there
are some differences between the dwo calculated D constanta. The coam-
parison of the D constant is shown in Table 3-4.5. Considering the
mathematical idealizations and -he widely different measuring techniques,
the results are in fairly good agreement.
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Table 3-4.5 - Comparison of the Different D Values

Input D from Strain D from Ace. D&-DL % Average D
Power, W Test (D,) Test (D 2 ) D,

5 4.68 x io0" 5.066 x 105 8.2 4.873 x 10-5

10 6.97 x Io0" S.617 x 10"5 -19.4 6.295 x i0"•[ 20 9.296 x 10-5 7.94 x ,.0"9 14.6 8,618 x 3.o-'

30 11.285 x lO" 9.276 x i0o" 17,7 10.282 x i0"•[
After substituting the average value of D into equations (3-2.11),

(3-2.12), (3-2.13) and setting cos wt equal to 1, the numerical value
for maximum tip displacement, strain and acceleration can be found and
are shown in Table 3-4.6.

Table 3-4.6 - Displacement, Strain and Acceleration in the Transducer

Input Tip Displacement, Strain in Transducer Tip Acceleration

Power, W in. (in./sec2 )

5 0.5731899 x l0"-: -0.92271235 x 10-1 -0.213569456 x i0°"

1 10 0.74044764 x l0o -1.19197168 x 10"' -0.275891712 x 10*
20 1.01368964 x 10- -1.63183635 x 10"r .- 0.377701888 x 10o
30 1.20941699 x 10-1 -1.94691878 x l0o- -o.450630144 x 1o

The procedure used to compare theoretical and experimental values
of the stored energy is given. Using the average value of the constant
D for the various power levels (see Table 3-4.6), the theoretical value
of stored energy was computed from equation (3-2.24). Actually, it
will be recalled that D resulted from utilizing experimental strain and
acceleration data in conjunction with a purely theoretical model of the
transducer, so that the computed rtored energy is not a purely theo-4
retical expression. The experimental value of stored energy was then '!

calculated from the defining expression for Q,

Q 2n (3-4.7)2,A
Ie
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where

U , The total strain energy (stored energy)
at maximum displacemeni;

D = The energy diuipated per cj'fle

Then

U 2 lb-in./cycle (3-4.8)

Now, the transducer was operated in the up-loaded conditioni so that all.
of the energy input into the transducer was equal to the energy dissi-
pated in the system. The various levels of power dissipation were

D5 = 5 watts - 4.546 x 10"3 lb-in./cycle
SDjo = 10 watts = 9.1116 x 10-3 ib-in./cycle

D2 = 20 watts = 18.2232 x 10" lb-in./cycle
Dso = 30 watts = 27.3348 x 10-3 1b-in./cycle

From previous experimental results reported in Section (3-4(b)),
the Q for different input levels was,

I Q5 = 800 S Q.o = (00

Q20 = 265 , Qo = 255

o, Then

Us 0.59 in.-lb =0067 watt-:sec.

U1= 0.58 in.-lb = 0.066 watt-sec.

(3-4.11)
U2 0  0.77 in.-ib = 0.087 watt-sec. -

R& ! •1.11. in.-lb = 0.124 watt-sec.U0 2
A summary of the theoretical and experimental values of stored energy
is presented in Table 3-4.7 for direct comparison
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Table 3-4.7 - Comparison of Theoretical .nd Experimental
Stored Energies

k Input D Theoretical Stored Experimental Stored
Power, W* Energy (in.-lb) Energy (in.-lb)

5 .873 x 10-5 0.59
T

S20 8.618 x lo -9 0. 817 0. 77 •

30 10.282 x 10`1 1.163 1.11
* The average operating frequency is 9715 cps

At the lowest power.level, 5 watts, the agreement between theoretical
t •and experimental values is quite poor. At higher power levels, how-

ever, the agreement improves considerably,

3-5 PROCEDURE, RESULTS AND DISCUSSION OF THE

INFLUENCE ON Q DUE TO TRANSDUCER MOUNTING

"From experience in various tests on the transducer, it is known A

Thus, it becomes necessary to understand the influence on Q due to

transducer mounting so that a better mounting scheme may be developed
in the future.

Six mounting schemes are investigated in the present tests ranging
from an almost completely free mounting to a rigid mounting scheme.
These tests provide some. idea about the magnitude of Q variation and
the sensitivity of Q to different mounting schemes. All tests were
conducted under a constant 30 watts input power. The bandwith method
was used to measure the Q factor where

S~fr
~r (3-53)

wlid where

ifr Resonance frequency
f•f, f, = Frequencies of the half power points. 4

Eaqh mounting scheme is presented in a separate paragraph and the final
results of all schemes are shown in Table 3-5.1 for the sake of easy
comparison. 91
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TEST A--Pl~ate-Post Mounting

A P-7 transducer Us screwed into a thick plate and than secured by I
a set screw and lock nat. This assembly is fastened to a one-inch
diameter steel post as shown in Fig. 3-5,1 and Fig. 3-5.2. The corre-

eponding -r, f2 and f]. are monitored and ahcwn in Table 3-5.1.

I

• - -'- j

Figure 3-5.1 -View of plate-post hardware,
[

[7J

I

Figure 3-5,2 -Detail of thick plate transducer holdere
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Table 3-5.1 - Q-Factor for Different Tests

Test fr, 'Cps f 2 , CPS fs, cpS f -r

A 9760 9775 9747 349
B 97140 9753 9730 4i23
C 9735 9747 9726 465
D 9748 9760 9737 424
-" •a) 9719 9734 9710 1o0

Ui
E 07~) 9715 9732 9702 323

p 1 9739 9754 973k 442

3 TEST B--Trensduce- Mounted in an Enclosed Case

An enclosed case shown in Figure 3-5.3 (sectional drawing in shown
in Figure 3-5. 14 was used to muount the P-7 transducer with the threaded
flange located approximately at the node point of the transducer. It
iU seen from Table 3-5.1 that the Q value for this mounting scheme is
relatively high.

T Ilk

! _

F FQ

IM

A

Figure 3-5.3 - Transducer mounted in an enclosed case.
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TEST C--Mounting Scheme Used for Dranetz Test

For the Dranetz tet a. 2-inch diameter fiberglass ring and steel
tube are used to support the transduacer as choiwn in Figure 3-5. 5,, This
mounting scheme can be described by the drawing in Figure 3-5.6. Froml

the final results in Table 3-51., it is seen that the highest Q it;
obtained frau this wmouting scheme.

Figure 3-5.5 -Mou-+,*.ng scheme for Dranetz teat.

{ COPPER
ELECTR0DE-o FLANGE

I UNIFORM DISTRIBUTED
REACTION AROUND
THE FLANGE

Figure 3-5.6 -A uniform distributed reaction around theI ~flange to suppc rt the transducer.
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TEST D--Transducer Mounted on a Bilastic Rubber Plate

A 2-1/2" x 2-1/2" x 1/4" milastic rubber plate with a 1-3/4"
diameter hole at the center wias used to support the transodcer. The
whole assembly was placed on a flat glass plate so that the friction

"S [•force between the large end of the transducer and it& contact surface
was reduced to a minimum. A relatively high Q was obtained, as shown
in Table 3-5.1, for this mounting assembly.

2•2 It

c4

Figure 3-5.7 - Transducer mounted on a silastic rubber plat.e.
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TESTE--Tras~iducer Supported by Two Knife Edges

Two kinds of tests with different knife edge arrangements were
conducted, as shown on Figure 3-5.8 (a) and (b). It is interesting to
notice that the value of Q for case (a is approximately 25% higher
than the value for case (b). This suggests that the tightness of
mounting around the node point substantially changes the value of Q.

ICOPPERN COPPER
EET DEý FLANGGE ELECTRODE FLANGE

Figure 3-5.8 - Transducer supported by two knife edges, the knife
edge is placed beneath (a) the flange (b) the thread.

U;
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TEST F-Transducer Supported by Two Wires 1
Two thin metal wires, as shown in Figure 3-9. 3i0 were used to

suspend the transducer. One wire is located 1 inch ircm the la ,, end
of the transducer, and the other wire is located at the inner thread
at the step. The Q value obtained frcm this test is rather hitch.

II
14

Figure 3-5.10- Transducer supported by two wires.

To compare the Q value for each test from the previous table, it
is easily seen that the Q factor for the less constrained mountings,

such as Test C, are higher than the ones with more constraint, such as

Test A. The sensitivity of the variation of Q due to mounting is
largely based on the degree of tightness and contact area of the mount- I
ing around the node point. The lower and upper bound of Q for 30 watts

input power are approximately from 325 to 1450.

.X 
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3-6 PROCEDURE, RESULTS AND DISCUSSION ON THE TRMNSIENT

RESPONSE DUE TO TOOL IMPACT

Two aspects of the tool-% "anscdicer impact that have not yet been
covered in the previous work is the transient responbi of a transducer
due to a tool impact. It is the objective here to study the energy
removal per impact relative to the total stored energy of the trans-
ducer and the rapidity of energy recovery of a transducer from a tool
impact.

Due to the lack of availability of direct methods of measuring the
energy removal per impact and the rapidity of energy recovery from a
tool impact, a indirect method of monitoring the tip vibration of a
transducer is used. A Br"del and Kjaer type ý4-0002 magnetic transducer
pickup is placed in the vicinity of the tip of the P-7 transducer and1 connected to an oscilloscope to monitor the amplitude of the tip vibra-
tion. A one half-inch diameter steel ball and a 9/16-inch diameter
tungsten-carbide bail are used to simulate a tool impact on the trans-I ducer. Figure 3-6.1 shows the basic features of.the setup.

Two kinds of output axe observed from the oscilloscope. One is
that the amplitude of tip velocity decreases after the impact, the
other is that Ghe amplitude of the tip velocity increases after impact.
Both cases are shown in Figjures 3-6.2 (a) to (e) and Figures 3-6.3 (a),
(b). Figure 3-6.4 shows the amplitude of tip velocity when the trans-
ducer is turned on and off.

The percent&6 of the stored energy removed from the trsansducer
are calculated basea an the relation from Section 3-2 and presented in
Table 3-6.1. The time required for the stored energy of the transducer
to recover to the level before the impact is calculated and also shown
in Table 3-6.1. With the understanding of the present experimental
results, it is possib.Le to determine the size of the gap betwaen the
transducer tip and the working surface such that an optimum utilization
of the transducer in the rock cutting process can be achieved.

=14
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OSr-!LLOSCOpE TRPSD LTCER

iI

Figure 3-6.1 - Basic experimentai set-up for impact studies.
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S•(P.) Res. freq. =9700 cps (b) Res. freq. =9700 cps

2 ,p s teel ba.11 2- c steel ball

ISOI

(c) Res. freq. - 9678 cps (b) Res. freq. = 97 cps
'p steel ball cp steel ball

)4
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: :1

(e) Res. freq. = 9703 cps
9/16 q) Tungsten-carbide ball

Figure 3-6.2 - Impact on transducer tip showing sudden energy
decrease. Each horizontal division = 10 milli-
second. Vertical scale = 0.2 volt/division.

* .1
i-i

[A

(a) Res. freq. = 9703 cps (b) Res. freq. 9705 cps -u

9/16" Tungsten-carbide ball.I Each vert. dir. . 0.2 volt •
Each horiz. dir. = 10 millisecond

Figure 3-6.3 (a), (b) Amplitude of tip velocity increasing
after tcoo1-transducer impact.
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(a) S•mrt up of the

I ~transducerI

()Turn off of the

()transducer

i "i

Res. freq. =9680 cps
Each vert, dir. =0.2 volt
Each horiz, dir. =20 millisecond

3' Figure 3-6 4+ The amplitude of the tip velocity as the transducer
is turned on (a) and turned off (b).
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Table 3-6.1 - Percentage of Energy Removal After impact and
Stored Energy Recovery Time After Impact ___ I:

Cases R•=.z-ance Vel. Amplitude Stored Energy Recovery Time
(Fig. 3-6.2) Brequency Removed After Removed After After Impact

cps Impact Imnact msec. cycles

(a) 9700 14% 26% 12 116.14
(b) 9700 17% 31.1% 12 16.4
(c) 9678 15% 28% 11.5 111.3

(d) 9695 O5% 28% 10 97
(e) 9703 36.2% 59.3% 10 97

3-7 CONCLUSION

The investigation reported represented the initial phase of a
theoretical..experimental study of the influence on the total stored
energy of the transducer of the input power, temperature, mounting
technique and the tool impact. In the coturse of the investigation,
the observation made enabled a number of zonclusions to be drawn re-
garding the vibrational characteristics of a sonic transducer.

(1) The Q value is constant and is independent of the change in
resonance frequency and temperature as well as operating time for a
given Power level.

(2) For different input power levels, the Q for a P-7 transducer
tends to approach a limiting value of about 250 as the power increases.

(3) The highest temperature is generated at the copper electrode
and the resonance frequency is shifted as a function of operating time.

(4) The total stored energy, displacement, strain and acceleration
along the transducer may be obtained fron theoretical analysis and
experiments.

(5) The Q value is inverse to the dLgree of constraint imposed
from the mounting. The upper and lower bound of Q for 30 watts input
power level was 450 and 325.

(6) The stored energy removal after impacted by a half-inch steel
ball is about 30 percent of the original stored energy.

1t46 !
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4 TOOL IMPACT ON ROCK

4-1 INTRODUCTION

A previous study of a rectangular stress wave propagating along a
semi-infinite rod and incident on a rock surface by Mahban [1] shows
that the dynamic contact force-penetration characteristics can be
approximately represented by a bilinear spring model as shown in Figure
4-1, where k, and k2 are spring constants for the loading and unl,.ding
Ipaths of the bilinear model. Based on Mahban's model for rock, the
problem of tool-rock impact has been theoretically analyzed and reported
12 1. We know that in the sonic rock drilling process, the length of
the tool is usually very short. The behavior of 'he tool during impact
is very complicated according to the three dimensional theory of elas-
ticity. To simplify the problem, an assumption was made that one
dimensional theory of elastic wave propagation in long rods could still
be applied to tools of short length (Fig. 4-2a). In this approach, a
rather coiplicated analysis is still involved. To further simplify the
problem, another approach was given, assuming that the tool was perfectly
rigid and the contact force-penetration character was the same as that
of a rectangular stress wave propagating along a semi-infinite rod.
By these assumptions, the problem becomes very simple. It is ,just as
a rigid mass impacting on a spring of bilinear character (Fig. 4-2b).
The results were found to be very close to those obtained by the former
approach. The agreement of the above two approaches does not mean that
we have exactly solved the tool-rock impact problem becaase assumptions
were made in both approaches. It only indicates that one can replace
the former approach which is very complicated in numerical manipulation

by a very simple rigid mass-spring system which is well known but with
assumptions of weaker theoretical basis. To study the actual tool-rock
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Figure 4-1 - Mahban's experiment and his bilinear
contact force-penetration relation.
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(a) ONE DIMENSIONAL ELASTIC TOOL (b) RIGID MASS-BILINEAR SPRING -U
SYSTEM

Figure 4-2 - Impact of a sonic tool against rock.
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impact problem, a series of experiments was conducted, AJttempts were
made toward finding the impact-rebound velocity relationship; th'n the
actual results were compared with the analytical results obtained frow
the two approaches cited previously. Special emphasis was a-so given
to the fracture zone characteris -. cs, energy loss, and the effect oC
various tool geometries and number of impacts.

L-2 EXPERIMENTAL PROCEDURE

A photograph and schematic diagram of the experimental set..up arc
shovwn in Figure 4-3. A spring gun, which can deliver tools at a specific
velocity by adjusting the sprLig deformation, is placed directly tn

"I front of the surface of a rock specimen. The movement of tools of var-
io.us tip geometry is guided by the gun barrel, therefore the direction
of incidence and rebound of the tool can be adjusted to be aplro~dmatelyI perzndicular to the rock surface. The incident and rebound velocities
of tools are measured by the use of two photo ceJIs which are attached
to the end of the spring gun. The photo cells are one inch apart; they
pick up the signal when the tool passes. Two oscilloscopes art used to
record the time required for the tool to pass the one-inch distance
both in incidence and rebound movement, The velocity of the tool is
just equal to the reciprocal of the time measured. The incident veloc-
ity of the tool ranged from 900 in./sec. to 600 in./sec.

The tools were made of cold-rolled steel. Figure 4-4 shows tu.]
1• with various tip geometries. The dimensions and latter designations of

the tools used are shown in Figure 4-5. All %f the tools are of one
inch in diameter and length.

4 . THEORETICAL CONSIDERATIONS AND RESULTS

j (A) Incident and Rebound Velocity Relationship of
a Flat Tc.l (1.2-'R A):

S T As stated in Section 4-1, the tool-rock impact problem was pre-
sented in reference [21 and was based on Mahbants experimental resultts
and the assumption that wave behavi., in the tool is one-dimensional.
It wws also found that the tool-rock impact analysis can be replaced
approximately by a rigid roams-spring system. We will now compare the
experimental and analytical results.

Mahban obtained the values of k, and k2 in his experiment on lime-
stone for four different stress levels (a.) of incident rectangular
stress !'aves along a 40-inch rod. The incident velocities (vo) of a

S|tool corresponding to his stress levels can be obtained according to
the equation ?or one-dimensional elastic wave in the tool (Fig. 14-2a),

2ct
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where c mnd p are one-dimensional wave velocity and the mass density
of the tool, respectively.

The values of atress levels (o,) and bilinear spring comstants
(k1 /A and k2 /A) ob+ained by Mahban, mid the corresponding incident
velocities of a tool are shown in the following table.

SI Table 4-1 - Stress Levels of Mahban's Experiment and Corresponding
* Incident and Rebound Velocity of a One-Dimensional

Elastic Tool

I o(ksi) 39 24.5 7.8 5.9
Stress Level High Med-High Medium Low

W. k,/A (i0u lb./in.1) e 2.74 2.89 3.69 3.17

4'• k_2/A (lod3 lb./in_)l r4 9.10 7.21 6.82 6.67I --

~~ 0o • Incident Velocity

SE ( in/sec, 520.0 326.5 o.o 78.7

. /Rebound Velocity 3( in./sec. )

The rebound velocity Vr of tl.e onc-cdmensional elastic tool can be
o calculated approximately by considering the energy of the rigid mass-I .bilinn~ar spring system. Thus,

u kum( u) = mVo

kua (maximum penetration) 
V Vo

Since the rebound energy of a rigid tool is equal to the area of the
triangle ABC as shown in Figure 4-2 (b), we have
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or

,,•" ~ ~~~Vr I'L•m V,•(l33

Substituting the value of um in equation (4-3,2) into equation (0-3.3)
we obtain I

Vr = V

The calculated values of Vr is also shown in Table 11-1.

Figure 4-6 is a plot of incident tool velocity versus the rebound
velocity for a flat tool (Type A) according to the analytical results
presented in Table 4-i and the results obtained in this experiment.
The figure sht ,s that the actual rebound velocity is always lower than
calculated, i.e., the value of Vr calculated based on one-dimensional
elastic wave propagation in tool and bilinear model of rock is the
upper bommd of the Pctual case. The reasons for a lower actual value
mav be due to the following factors:

(1) One-dimensional elastic wave propugation theory can not
describe the behavior of tools of small length to radius
ratio accurately.

(2) The values of kL and k2 are chosen approximately. There-
fore, the calculated Vr is only an approximation according
to equatio:. (4-3.4).

(3) The actual rebound velocity can .;ot be measured accurately
due to the friction between the tool and the spring gun-
in the experiment. The actual value Vr is higher than
measured value. This effect is especially important when
the rebound velocity is small.

(4) Misalignment of the axis of tool and the normal line of -
rock surface will make the impact starting with a point
on the periphery of the tool before the surfaces come into
complete contact with each other, i.e., two impacts actu-
ally occur in one single incident-rebound process. This
would increase the energy loss. The direct result would
be a lower rebound velocity then a perfect surface-to-
surface single imj act as we assumed in evaluating the
valte of Vr by analytical means. Work is also done in
compressing the air between the tool and rock surface.
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(B) Effect of Tool Tip Geometry on the Rebound Velocity

Figures 4-6 through 4-9, are plots of incident versus rebound
velocity for various tools. All the figures show a fairly wide scatttur
in the rebound velocity data. This may be due to the irregularity of
both the rock surface and the impact conditions. In these figures, we
can find a general trend that the rebound velocity increases as the
contact area of the tool reduces. This has been indicated by an
approximate best fit straight line. The Type B tool has the highest
rebound velocity among all of the tools tested.

(C) Effect of Number of Impacts on the Rebound Velocity

Figures 4-10 and 4-11 show the variation of rebound velocity as
the number of impacts at a specific location increases for Type B and
Type D2 tools, respectively. The incident velocity of the tools was F
"kept constant for all impacts and was equal to 550 in./sec. The
figures show that the rebound velocity decreases as the number of
impacts increases. The possible explanation for this trend follows.
It is the effect of chips caused by continuoud impact. For each im-
pact, fracture occurs in the impact zone and part of the chips remain
in that region, while part of them leave the impact zone and rebouxnt
with it. When the tool again impacts against the rock, part of the
energy of the tool is lost in further crushing of the chips between
tool and rock. In sonic drilling, we usually call this the powdering
effect. The more chips between tool and rock the more energy is
absorbed, and the less the rebound velocity. Therefore, solving the
problem of chip removal is one of important tasks in improving the rock
cutting process. Figure 4-12 shows the impact zone condition after
twenty-five impacts.

(D) Characteristics of the Impact Zone

I. N. Sneddon [3) has solved for stresses produced by a circular
flat punch on a half-space. Based on his analysis, a chart* (Fig. 4-13)
on the variation of maximum shearing stress can be obtained. The
figure shows that maximum shearing stress goes to infinity at the
boundary of the punching surface. It decreases either inward or out-
ward along the radial direction. According to the failure theory of
maximum shear strength, failure starts at the periphery of the punch.
In our problem of flat tool-rock impact, we have a situation similar to
Sneddon's except that tht contact force P between tool and rock is a
time varying function, but the maximum shearing stress distribubion
pattern should not vary greatly from that shown in Figure 4-13. The
experimental result shown in Figure 4-14 (a) proves the above argument
as we observe that the heaviest damage is done at the edge. Other
punch problems solved show the stress concentration at sharp edges.

ieference fl, p. 120, Fig. 55.
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Figure 4-14 shows the impact zone condition at various number of impacts
for various tip geometries. It is found that the less the area of tip
the more efficient the tool in rock cutting. Thib is not surprising
since with smaller area of contact the contact stress between tool and
rock is higher and the maximum shearing stress is larger, accordingly.
The diLect result of higher maximum shearing stress is larger chip size
in the fracture zone. The energy required to cut rocks can be reduced i
by a substantial amount without powderizing the rock.

In this experiment, the Type B tool has the highest efficiency in
rock cutt.•ng., while the flat tip tool (Type A) has the lowest efliinency..

- DISCUSSION I
1. The analytical result on the rebound velocity of tools based on

the one.dimensional theory of wave propagation in tool and bilinear rock 7
model provides an upper bound to the actual rebound velocity.

2. Rebound velocity increases as the area of the tip of the tool
is reduced, but the effect is not siinificant.

3. As the number of impacts at a specific area increases, chips
accvmulating in the fracture zone become a problem because more and
more energy is consumed in powderizLng the chips. The rebotnd velocity
is reduced as the number of impacts is increased.

4. Stress concentration effects at sharp edges of the tool causes

the damage in the rock surface. The smaller the area of tip the higher
the efficiency in rock cutting, because it increases the chip size.
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5 T5 auOL IMPACT ON A TRANSMISSION LINE

In the sonic drilling process, a short boeuncing cylinidrical tool

is usually used between the transmission line of a transducer and the
load. Therefore we are interested in vibration and wave phenomena in
both shoz • (toolS and lorg (transmission line) cylindrical rods in thn
analysis af tool-line impact. The problem of impact on long cylindrical
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rods has been studied extens1vely by researchers sinee Hopkinson [ill
began in 1914. Almost all the researchers were interested in the wave
phencaena in long rods. Little attention has been given to rods of
smell length-to-radius ratio; the reason being that the behavior of
short cylindrical rods is very complicated acccrding to the three-
dimensional theory of elasticity. With the help of the computer,
McNiven and Perry [21 found the approximate natural frequencies o£
axial vibration of short cylindrical rods. Bertholf [31 considered the
wave propagation in a finite rod due to a st., 3tress applied at one
end of the rod while the other end is free. A'he above two studies on
the short rod still give very little direct help for solving the present
problem in which the contact force between tool end line is high in mag-nitude but short in duration. Thn contact time measured ifs less than

50 microseconds. Beiiause of the difficulties involved, previous analysis
on the tool-line impact are based on two simplifying assumptions. One
is to assume that the one-dimensional theory of elastic wave propagation
for long rods is still applicable to tools of short length during impact.
The other is to treat the tool as a rigid body [4]. The stress waves
produced in the transmission line, according to the above assumptions,

jare shown in Figure 5-1 (a) and (b) during the tool-line impact. Iere
we substitute for the transmS ssion line a semi-infinite rod of the same
diameter as the tool. A typical stress wave measured in the laboratory

T experiment fcr this tool line :mpact is shown in Figure 5-1 (c), which
1 shows a considerably different stress wave shape from that shown in

Figure 5-1 (a) and (b). Feng [51 conducted an experimental investiga-
tion of the longitudinal impact of steel rods and balls on the tip of
a vibrating sonic transmission line. IT. his work a theoretical study
on the ball-line impact was found to be in very good agreement with the

experimental result.* It is very interesting to note that the shape of
a stress wave produced An his ball-line impact is very similar to the
result obtained in a tool-line experiment as stated previously, ?&gure
5-1 (e).

A thorough study on tae tool-line impact was conducted in the
Laboratory of the Department of Engiaeering Mechanics at the Ohio State
University. Spccial attention was 'iven to the c .•fect of enl geometry
on the rebound velocity of the tool, t,hv energy lose. during impact, the
relationship between the incident velocity and rebound velocity, the
stress waves produced, and the effe. - the tip geometry of the trans-

T mission line.

5-1 THEORY OF IMPACT AND STRESS WAVES IN A ROD

During impact between a cylindrical tool and a transmission line,
la large force F(+,) occurs at the contact surface. The force is equ:l

Lo the area times the atress level of the wave that is tranr'uit;ed into
the line, as shown in Fi.re 5-2, where Vo is the incident velocity,
Vr is the rebound velocity, c is the wave veloulu'y and u-(t) is the
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Figure 5-1 - Stress wave in the transmission line
due to tool,.line impact. --
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Figure 5.,2 - Impact of tool and transmission line.
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stress wave in the line. According to the principle of conservation of
momentum, we have

SF(t)dt = (-my0)

'/ 1 or

S JA o =(t)dt m(Vr + Vo) (5-1.1)

From the experimental result, o(t) is positive function of time (that
is, it is always compressive). If we have o'(t), then Vr can be calcu-
Slated from the above equation as

Vr f a-(t)dt - VO (5-1.2)

where m is the mass of the tool. By the law of conservation of energy,
the energy can be expressed by the following relationship.

Eo Et + Er + EL (5-1.3)

where

E0  ImV0o original kinetic energy of the tool
IL, before impact

Et 2•?jc'dV energy transmitted into the trans-
"mission line, E is the Young's Modulue
of the transmission line

Er = Rebound kinetic energy of the tool
EL Energy loss during impact.

Since c(t) is, in general, a positive function of time, it can be proved
that Er and Ft in equation (5-1.3) increase or decrease at the same
time, depending on the condition at the impact zone. This can be provedas follows:

_ Assume: a% t), Vrt are the stress and rebound velocity for a
specific incident velocity and impact zone condition and
that ca(t), Vra are the stress and rebound velocity for
the same incident velocity after the impact zone cond! :on
is changed. Further, assume that Vr2 > Vrl. Then

Erl .2mVri , Eti J= 2 dv

Fir:, = Vr:, Etn j-f a.. UV
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and

Er2 Ern !s(Vr -0 Vr12) > 0 (5-1.4)

From observation of the experimental stress wave results,
it is found that ay2(t) - al(t) > 0 for all t if Vr2 > Vri.
Then,

E t2 E-. 0 (e2 - a23 .,

At f EtL - 0)(c,? + cr1)d2

Since (q2 - 0I) > 0 and (a.. + oa) > 0 we have

Eta - Et > 0 (5-1.5) "*

Substituting equations (5-1.4) and (5-1.5) into equation
(5-1.•2) gives

Eo = Et, + Er, + ELI = Et2 + Er2 + ELB2

E2- EL.=(Et + Eri.) - (Et2 + Er2)

= (Eti - Et 2 ) + (Eri - Er2) < 0

Hence,

E131 > E132  (5-1.6)j

Therefore, we know that for a specific incident velocity
Vo, the larger the rebound velocity the larger the energy
must be that is •ranhmitted into the line and the less
the energy loss '-kuing impact. This is an important
result frao the abcve a1alysis.

5-2 EXPERa IAL PROCEDURE

k photograph and schematic diagram of the experimental set up is
shown in Figure 5-3 (a) and (b). Two photo cells one inch apart are
placed at the end of a spring gun to meas-.:e the time required for a
tool to pass the one inch distance. With these values plus the cor-
rection required aue to gravitational, effect, the incident and rebound
velocity can be calculated. The counter shown in Figure 5-3 is used
to measure the incident velocity, while one of the two oscilloscopes
measures rebound veloelty. The stress wave produced due to impact is
picked ip by the other oscilloscope. By adjusting the spring deforma-
tion, we are able to control the incident velocity of the tool to about
the level desired.

170



STAI

STRAIN VELOCITY
MEASUREMENT MEASURE AENT

I Ii yELCITY

j OSCILLOSCOPE I OSCILLOSCOPE PO

COUERER
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Figure 5-4 shows the various touls used in this study; all of them
are I Inch in diameter and 1 inch long. Four different end geometries
,,f the tool were used in this experiment. All tools shown were made of
cold-rolled steel. Another stainless steel flat tool was used to study
the effect of material hardness on the rebound velocity.

5-3 RESULTS

(A) End Geometry of the Tool:

Four different end geometries were investigated for approximately
the same impact velocity of 550 in./sec. Strain waves and rebound
velocity were obtained and studied. There were several interesting
results.

1. SecondaL" impact: When a tool approaches the transmission
line, the axes of the tool and line usually are not perfectly parallel
to each other. For tool Types 2, 3, 4 and 5, the contact between tool
and line generally starts ut a point on the periphery of the tool sur-
face and a point on the surface of the tranbmission line ti l . A very
short time later, the surface of the tool rotates about the contact
point m•id comes into complete contact with ,,he surface of the trans-
mission tip. This phenomena is called secondary impact. The elastic
stress wave that goes into the transmission line has two peaks (Fig.
5-5 (b)(c)(d) and (e)). If the axis of the tool is perfectly parallel
to the axis of the line only single impact will occmr, and there is
only one peak in the transmitted wave. Type 1 tool has a slightly
curved surface. There is only one single impact in every circumstance
(Fig. 5-5 (a)). This illustrates why the curves are more consistent
for Type 1 tool for several impacts at the same incident velocity.

2. Percentage of Rebound Energy from the Line Le) and the Energy
Loss Due to Im.pact: We now define the percentage off rebound energy Re,
as the ratio of Er and E.

Re =rE ( (VL7

The value of Re for tools of different end geometry are shown in Table
3-1 for Vo = 550 in./see.

table 5-1 - Percent of Rebound Energy from the Line
(Vo = 550 in../sec)

Type of Tool 1 2 3 i 5

Re 7.16% 2.39% 2,44% 3o.00 42.2v
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The figures in Table 5-1 show that the less the contact area the more
the rebound energy frun the line. Therefore, the energy loss due to
impact is less for tools with a smaller area of contact according to
the analysis in Section 5-1, so that energy loss is less for higher
rrebound velocity. This is in contradiction with the belief that a
smaller area of contect would cause larger plastic deformation or more
energy loss.

The values of Re are almost the same for the Type 2 Tool. (flat end-I cold rolled steel) and the Type 3 Tool (flat end-stainless steel). This
tells us that the hardness of the tool material has little effect on1 the energy loss during impact, since stainless steel is much harder than
cold-:'olled steel. In general, a material with a low yield point stress

-%juld be expected to have a large plastic deformation during impact.
This phenomena is another paradox in the ecnsideration of energy loss
during impact.

The above two contradictions can only be explained frý ;he viev-
point that the energy loss due to plastic deformation is only a fraction
of the total energy loss. The main cause of the loss of energy may be
due to the cushioning effect of the air between the tool and transmission
line; during impact, work has been dne to compress the trapped air.
Type 1 tool has the least area of contact, and the air between tool and
line is more ea-ily expelled from the point of contact; therefore less
energy is lost in this case. Secondary impact for Type 2, 3, 4 and 5
tools is also another factor that causes energy loss, since some energy
is always lost during impact, so that the more impacts the more the
energy loss.

(B) Tip Geometry of Tr~iamuission Line:

To investige.xe the effect of tip geometry of a transmission l.ne
on the rebound velocity and stress wave produced, a tip shown in Figure
3-6 is attached directly on the ead of a lon,; rod in two different ways.
Figure 5-7 shows the dimension of the tip and the means of connecting
it to the transmission line. -The stress waves produced under the im-
pact of Type 1 and Type 2 tools are shown ki Figures 5-8 and 5-9, re-
spectively. The incident velocity of the tools ic approximately 550
in./sec. There -.re two important features shown in these figures.
The maxim= stress is reduced by using an enlarged tip, and there is
a secondary pulse shown. The reascn for the above two phenomena is
because the transmission line with an eznlarged til. is no 6onger a
prismatic cylindrical rod, -Wave reflection occurs at sections where
the cross-sectional area changes. This result suggests *.he possible
desirability of having a lumped mass at the tip of the transmission
line to reduce the peak of the stress wave into the body of the trans-
ducer.

Following is a table (Table 5-2) showing the percentage of rebound
energy Re for Vo0 = 550 in./sec.
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Figure 5-5 (a)
Time Base:

5 Asec./divisimn

orint (stress):

29.4 1ksi/divihicnj

F'igure 5-5(b)
Tine Base:

ordinate (stress):
29.14 1ksi/division

6t Figure 5-5(c)
Time Base:

5 aec./diviuion.
ordinate (stress):

29.4 lcui/division
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Figure 5-5(d)
Time Base:

ý6 . 5 Psec./division
ordinate (stress):

29.4~ kei/division

F'igure 5-5 (e)
Time Ease:

5 iun6c./division
ordinate (stress):

29.4i ksi/division
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Figure 5-7 flnaisioR line tip dimension and tip-tranamlissionlne assemb iteso
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Table 5-2 - Values of Re for Three Different Transmission LineI Tip Geometries

Tip (A) Without (B) With (C) with
Geometry Enlarged Tip Enlarged Tip Inverted Tip

Type 1 .1.4% 9.5% 9.4%
Tool

'R Type 2 2 7 %2 7!. Tool

K I Table 5-2 ahows that the rebound velocity is not affected by
changing the area of transmission line tip. Ccmparing the value of Re

U in Table 5-1 (11.4%) and Table 5-2 (7.16%) for a Type 1 tool without an
enlarged transmission line tip, there is a significant difference in
this value. It is because the value in Table 5-1 is obtained when the
tip of the tool is flattened out due to plastic deformation in persistent
impacts which increases the area of contact between the tool and trans-
mission line.

[ (C) Rebound Velocity of the Tool and Stress Waves in t~he Static

Tr'ansmission Line:

The relationship between maximum stress and incident velocity of
the tool are shown in Figures 5-10 and 5-11 for Type 1 (curved) and
Type 3 (stainless steel flat tool), respectively. The relationship
between rebound velocity and incident velocity of the tool are shown
in Figures 5-12 and 5-13 for Type 1 (curved tool) and Type 3 (stainless
steel flat tool), respectively.

The linear relationship between rebound and isicident velocity
shown in Figure 5-12 is in agreement with the results found by Feng
for ball-line impact. The ratio Vr/Vo is smaller in this experiment
because the tip of the tool has less curvature and has been flattened
out due to persistent impact. Figure 5-12 does not have as good a
result as Figure 5-13. This is mainly due to th7 fact that the impact
of flat tool against transmiscion line is not consistent for all im-
pacts. The rebound velocity vAries considerably even for the same
incident velocity.

5-4 DISCUSSIONS AND CONCLUSIONS

1. The incident-rebound velocity relation for tool-line impact a
linear relationship which is in agreement with ball-line impact.

* 2. The smaller the area of contact between the tool and the trans-
mission lin- +1e higher the rebound *vlocity or the less the energy
"loss during 1. 4
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3. There is only a single impact between a cuved face tool and
transmission line, which Type 2, 3, 4 and 5 tools show secondary impact.

4. For the reasons stated in (2) ane" (3) above and in Section
5-3 (A), the cux.ed -ool is the most ef.icient tool end geometry of thetools tested.

i c5. A lumped ma:.aa at the tip of the trsnamission line has the effectI ~ of reducing the maximum 6tress wave transmitted into the line during

impact.

S6. Tiazdness of the tool has little direct effect on the improvement

of rebound velocity. However, tools made of hard material can maintain
the curvature of tl- end, s.d thus maintain the area of contact during

impact.
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6 A DESCRIPT'ION OF THE SONIC LITERACTION PROCESS

Impact caupling is i-sed as a means for transfer'iing energy from
the vibrating transducer to the load in a number of sonic processes.
In this means of coupling, a small metallic mass, or tool, impacts re-
peatedly between the transducer and the load at rates of hundreda to
thousands of cycles per second. Although the process is rapid and

somewhat random, it is a continual sequence of two clearly defined
events: (1) impact and reboundi of the tool against the vibrating line
and, (2) impact and rebound of the tool frow the load.

The prccess is a complicated interaction involving a number of
parameters of the sonic system. The transducer characteristics, in
terms of energy storage level and Q, the transducer drive voltcge, the
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I
static force upplied to the transducer, the mass and geonetry of the
tool and tt" characteristics of the load, all interact in detern.ning
';he riera transfer characteristics of impact coupling. Thus, variation
of : " parameter in the process can easily affect several other param-
eter..

Because impact coupling has found many applications in sonic
processes, such as grinding and riveting, as well as rock cutting,, a
number cf studies have been made on various facets of the procesta. The
first work in this regard was by Feng and Gratf [1] in 1968. The first
stress wave measurements of impact on a vibrating transmission line
were r. -rted at that time and the concept of "intercipt" conditions
between the tool and the line introduced. Graff (21 analyzed the cuse
"; intermi.ttent jontact between a vibrating transducer and a long rod.
'1Y the •nfiguration studied was not the same as the small to&.

4uc coupl:Lg arranCement, the role of static force in the im~pact
_A.-iug process was first brought out here. Feng [31, continding the

..•rk reported in [11, performed a detailed analysis of irspact coupling
for the case of a spherical tool and a load in the form of a long,
elastic rod. in thih contribution, means for determin.ing the isteady-itate impact conditions between the brensducer tip and load were set

I, 1'orth. From this, power transfer was established. In addition, experi-
mental renults on the impact frequency for various gap settings between
"-ve transducer and load were found to be in accord with theoretical pre-
dS ctlons. This work was also briLAy sumarized by Feng and Graff [41

'V and in part,, has also been presented in [51.

In a later work, Feng [61 attempted the impact coupling interaction
anoa.ysis for the case of a long tool, where the load under consideration
was rock or concrete, The long tool aspect required that the wave propa-1 ation effects within the tool be considered., thus, greatly complicating
the problem. Feng [71 also analyzed the problem of spring assisted im-
pact coupling. In this work, a first attempt to assess the effect of
an elutic support of the tool was made. Furthermore, first considera-
tions of means for analyzing the impact of tools of irregular shape
were made. Tn both studies just cited, the results were in terms of
formal mathematical solutions, with numerical computaticns of the com-
plex formula remain.' ng tc be done.

Libby [8) has obtained estimates of energy trmnsfer to the work
ourface by impact coupling for metal deformation applications. In a
later modification of this woi'k Libby (91 has also brought in the
rocovery aspects of the transducer to incremental withdrawals of energy,
This work was a precusor to some of the consideration in the present
report.

Kendall [10] carried out an extensive study on sonic metal defor-

mation. A part of this work was devoted to tool impact on the load.
A major portion of the work involved a statistical anealyois of the
various parameters of the impact coupling process, such u transducer
Sdrie voltage, static force, tool mass and time of sonic deformation.

185

- I



Several studies have been conducted on impact coupling into con-
"rete and rock loads, with the main attention being given to the tool-
load stage of the impact coupling sequence. Reference has already been
Smade to the work by Fens r6] for the case of long tool impact into con-
crete. Mahban [11) conducted extensive studies on stress wave trans-
mission into rock loads. In this work, meane for experimentally deter-
mining the force-deformation characteristics of the rock for various
tool tip configurations were given. This vork wcs further extended by
Mahban (12] in studies of the fracture zone in the rock, considerations
of optimum pulse shape and incorpation of fracture criZteria in the
analysis of rock under impact. Lo [13) has analyzed the impact of a
short tool on rock and established that a rigid mass model of the tool
is accurate for such conditions of impact. More recently, Lo [14] has
performed experiments in which sonic tools were propelled into single
impact with the rock surface and impact, rebound and energy loss charac-
teristics established.

A nunber of additional atudies have bten done on the tool-transducer
tip stage of impact coupling. Graff [15 nhas attempted to extend the
consideratims used by Feng [3) for the case of a spherical tool to the
more realistic case of tools cf irregular shape. Discussion of Optimum
intercept points for tools having short and long impact contact times
was also given. Experimental work by Shieh (16) provided information
on characteristics of energy transfer to tools for differing geometry
of contact between the t.-ol and the line. The results also indicated
that the simplifications incorporated Into the theoretical developments
by Graff (15) were too severe and did not accurately predict contact
times between tool and load. Lo [17) has proceeded further in the f
study of tool impact on the transducer tip, Using a different experi-
mental method than Shieh, Lo directly impacted tools of various Zeametries
on sonic lines. Impact and rebound velocity and the tra,.smitted stress
wave was measured. The influence of the local ýý,ontant geometý:y was •

assessed. Finally, Ma (18), as part of an extensive study of the trans-
ducer, has measured the transient response of the transducer to impact.

As indicated by the preceding mirvey, a wide range of studies on
various aspects of impact coupling have been carried out. Despite the
investigations, much is yet unknown on this means of energy transfer.
In particular, the overall interaction problem involving the transducer,
tool, !,aa and static force parameters has been given only minimal atten-
tton. Thus, with the exception of the previously cited works by Graff
[2] and Feng [6), the general interaction problem has received scant
attention. The reason for this, of course, is that the important sub-
processes of impact coupling, namely, tool-line and tool-load impact,
have been under separate studies.

In the following, a qualitative explanr~tion of the general inter-
uction problem is put forth. This discussion, which is rather devoid
of mathematics, In intended to show how the various parameters, such
as drive voltage, transducer energy storage and •, static force and
tool-load parameters interact in impact coupling energy transfer.
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I
6-i VIBRATION AND ENERGY STORAGE OF THE TRANSDUEER

The first step in considering the interaction problem will be to
review the baiiic vibration and energy atorage characteristics of the
sonic transducer. Thus, shown in Figure 6-1 ig a schematic diagram of
a full waveln4gth sonic transducer. Shcwn are the distributions of
longitudinal displacement and stress along the body of the device. In
particulars the maximum amplitude of vibration will occur at the tip of
the horn and will have an amplltude designated as uo. During sonic
vibration., the transducer will act as an energy storage device having
time varying amounts of elastic strain energy and kinetic energy.

As reviewed by Graff [19], t he calculation of the instantaneous
elastic strain energy is given by

IU(t) c= O (x,t)dV (6-1.1)

I where c(xt) is the axial strain distribution along the transdhucer and
E is Young's modulus. The averMe strain energy is then given by

J lfT
u = U(t)dt (6-1.2)

where T is the period of one cycle of vibration. Thus, given the
vibration pattern (i.e., mode shape), which is to say c(x,t), for a
transducer, it is possible to compube the average strain energy con-
tained in the device. Another energy expression used in traraducer
considerations is the maximum strain energy, given by

I cE£ (x)dV (6-:.3)

* where eM(x) represents the mode shape at maximum strain.

It should be noted that the tip vibration amplitude uo may serve
as a direct asure of the stored energy of the trsnda.cer, Thus, in
rather general tems, it is possible to express the vibration mode of
the transducer as

Iu(xt) = uog(x/?, u) (6-1.4)

where g(x/X, wt) is the dimensionles expression for the mode shape,

,N is the 'wavelength parameter and w is the frequency parameter. Then,
In general, c(xt) 3u(xt)/f d so that strain will have the form

C (x,t) - = g' (6-1.5)
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Inspection of expressiont (6-1.1), (6-1.2) end (6-1.3) for U(t), U and
UM then shows that

A01U M0 '2 (6-1.6)

That is, the elastic strain energy in the transducer varies as tte Isquaxe of t~he tip displacement.

The next conaideration is the Q-factcr of the unloaded sBnic trans-
ducer. This is usually defined as

SUM(6-1.7)
D

where UN is the maximwn strain energy in the system scnd D is the energy
dissipation pcr cycle. Now, the Q-factor is directly related to the

U• •time constant of a vibrating system. Thus, we may write for the trans-
S•i Iducer vibration

ru(x,t) = Ut + us (6-1.8)

I where ut is the transient and us is the steady-state response of the
transducer. For Ut .e may write the general form

ut~ e~t/Tc sin ,t (6-1.9)

where T. is the time constant given by

Tc 2QIj, (6-1.10)

SJ Thus, if any transient is imposed m the sonic transducer, such
as a sudden withdrwal or addition of energy, or starting the trans-
ducer from rest or shutting down the driving voltage during steady

= 1 I v~iration, the time constant will govern this change.e Several examples
of transient cnanges are shown in Figure 6-2 in the two curves A and
B. Thus, in curve A, the transducer is started from rest with a certain
"drive voltage, say VA,. The energy builds up to a level UA in the time
period Tc. In curve B, the transducer is started from rest with a
lesser drive voltage, say VB, and driven to the lesser energy level UB.
Although UB < UA, the time period to reach that level Js still Te.
Other transient changes are shown in the two curves. Thus, in A, at a

slightly later period, the drive voltage is increased to a yet higher
~~ 3 ~~level, V1 and the energy inar..zasea I-ram UAtI.intet.eT.I

curve B, a sudden withdrawal and a sudden addition of energy is shown.
In boF cases, the system energy either builds up or decays down to the
former ievel UB in time periods of Tc. Such sudden removals or additions

I 3(er i~lustrative of what can occur during impact couplins. Finall,
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the energy 3 evel of a sonic transducer. -

the two crvsilutrv the shut tonbhe avioe c ronman the respective

To summarize., several parameters of the transducer have been
brought in. They are the energy U, the tip displacement uo, the Q
factor, the time constant Tc and the driving voltage V. In our further
discussion., we will presume that a given voltage V will drive a trans-
ducer to a given energy level U and tip di~splacement uo. ItL- mxay thus
be considered the independent va-riable of the system. Further, the~
transducer will have associated with it a given time~ constant T0.,.

6-2 BASIC ASPECVS OF TIOOL IMPACT ON TjylE TRANSDUJCER

When a sonic tool impacts the vibrating tr~ansducer tip during im-
pact coupling, the whole process is rather complex. The vibration
level of the tip, the local gecmetry and meveria.l of the tip, the mass, ,

geometry and velocity of the tool and location on the tip vibration
trajectory at which impact occurs all Jxnfluence the subsequent rebound
or the tool. An previously mentioned, many facets of this comtplicated
impact process have been previously analyzed, but com~plete understanding
of' U1l phases is still lackiLng. However, fromu the standpoint of the .
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present discussion of the overall interaction problem, detailed krowledge

of the impact process is not required. Instead. only certain very gen-
3 Ieral characteristics on the energy withdrawal (or addition) and force
- generated per impact sxe required.

S- The first fact to realize is that the duration of impact of the
sonic tool is rather short, on the order of 30 jisec. This corresponds
to about one-third of a cycle of sonic vibration. The second fact is
that the recovery time of a sonic transducer is on the order of 10

I milliseconds, o: about 100 cycles of vibration. So, the time of impact
is quite small ::elative to the recovery time. This enables the energy
withdrawal or addition per impact to be considered as instantaneous

I from the standpoint of the recovery of the transducer to the impact.
Thus, in curve B of the previous Figure 6-2, the examples of sudden
energy withdrawal or addition can be considered the transient response
to tool impacts.

A second consequitce of the short impact duration is that the im-
pact force may be approximated as an impulse or Dirac delta function in

j time from the standpoint of the gross motion of the transducer. To
bring this aspect out, consider M as shown in Figure 6-3 (a). The
transducer is acted upon by a static force Fs and a time varying force
at the tip of the transducer, f(t). This latter force will in actuality

* be the sequence of impact forces from the tool. In Figure 6-3 (b), an
idealized version of the sequence of force pulses acting on the trans-
ducer is shown. In actuality, the pulsck would be of rarious amplitudes

3 and intervals but, thinking in terms of averages it is justifiable to
consider equal amplitudes sad spacings. Also shown in the figure is
the constant value of thc static force, F8 . Again, the point is that
the time between impacts and the duration of the individual impacts will
be quite different. For impacts occurring at, sas, 1000 in.acts per
second, the time between impacts would be 10-" seconds (1 millisec).
The impact duration is about 30 psec or 0.03 x 10i' seconds. Hence, it
cppears justifiable to represent f(t) by a sequence of Dirac delta
functions. Thus,

I f(t) = B(t - tn) (6-2.1)
n=l

where I is the total impulse for a given impact and tn is the time of
the nth impact and is given by

f (6-2.2)

where T is the time interval between impacts.
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Figure 6-3 - (a) Transducer acted upon by the static force F.
and the impact force f(t). (b) Time distribution
of the forces in the transducer.

It becames rather easy to write the expression for the riFd boe I
or gross motion of the transcbcer as

M R = FS- f(t) = Fs • I 5 A (t - tn) (6-2.3) j
Integrating this gives

M(k - = Fst 1 1; t t) (6-2.4+)
nr=l

where 11(t - tn) is the Hleaviside function. Now, the velocity predicted .

by (6-2.4) hae a sawtooth form, as shown in Figure 6-4. Thus, the con-
attuit foroe Fs causes a linear ir.crease in velocity, but this is periodi-
cally offset by sudden velocity decreases Mie to the impact impulses.
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I
VELOCITY INCREASE VELOCITY DECREASE

I DUE TO STATIC FORCE DUE TO IMPACT

IN

S. . .. TIME"
l Figure 6-4 - Rigid body motion (velocity) of a sonic transducer

acted upon by static force and impact.

If the proper balance holds between the static force and the impulse
3 magnitude I and impulse intervals Ti, the resulting average velocity

*A will be constant. This is the condition shown in the just cited
figure. The condition for proper balance is that

FsTi = 1 (6-2.5)

This is merely a statement of impulse balance, so that the average net
change in momentum of the transducer is zero.

These considerations clearly bring out the role of the static
force in sonic processes. The force merely acts as an impulse bW ance
on the transducer, counteracting the high ampl-ttude, short dur&inn
forces from the tool impacts. Thus, the static force does no direc'
work on the load, in contrast to the role of static force in many de..
formation processes.

L
Continuing slightly further, it is of interest to consider some

possible effects of changing the static force. As has been previously
mentioned, the various parateters of the sonic system interact, so that
in gvneral it is not possible to change one parameter, such as static4 force, without modifying other parameters. Nevertheless, it is still
possible to draw some limited information fran single parameter vari-
ations. Thus, for the case of itatic force, it iz seen from (6-2.5)
that if Fs is inreased to Fg, then either the time between Jacts,
Ti, must decrease or that the strength per impact, I, must increase.
However, the impact strength will be largely determined by the energy
level of the transducer and the tool characteristics. If these are

1 193

N - -



1-13t changed, it is reasonable to assume that I remairn constant. Then
we may write

iF 8Tj = I = F•T• (6-2.6)

where Te < Tj if F> 5 FP.

Now, the time interval between impacts is made up of four time "S

periods. Using Figure 6-5 as a reference, we have that

Ti - TT + DaI + TL + 4/VR (6-2.7)

where TT, TL are, respectivelv the times of contact of the tool with .;
the transducer and with the load. The ve~locities VI Vd VR are the
velocities of impact with the load (VI) and velocity of rebound from
the load and subsequent impact with the transducer (VT). The diktance
A represents the net gap between the transducer and the load; i.e., it
id the distance between transducer and load minus the tool thickness.
Writing (6-2.7) as

Ti + + (TT + To (6-2.8) :1
it is quite evident that if the time Literval T1 is to become smaller
due to an increase of static force, it is the gap A that mutt decrease.
For a given strenth or impact,, the Velocities VL,, VR would rezaiz the
same as would the contact times TT, 1L. This simple computation shows
how, within certain restrictions on the constancy of the impulse I,
that a variation of one parameter, FP, causes variation in another
paxametber Ti.

VII v, 'R"

F,.Eure 6-5 - Velocities of the Impact tool in the I
transducer-load gap
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6-3 TOOL-LOAD IMPACT AND THE STEAJYf STATE

impact coupling is a twn-stage process, with tool impact and re-

bound frcm t.he load being one of the stages. Whereas the stage of tool
impact and rebound from the transducer may be considered as common to
many sonic processes, the stage of tool impact with the load will differ
for each application, since the load will be different. It is thus not
possible to make general statements on tool-loas impact r'ther than to

- say that for a given impact velocity VI, there will be a certain time
of contact of the tool with the load, TL and a subsequent rebound of
the tool with velocity VR. In general, VR < V so that a net loss oV
energy in the form of work done on the load will have occurt;td.

In fact, the laclk of certainty on the tool-load impact conditions
does not hinder further discussion of the sonic inter"action problem,
at least -tot at the present qualitative level. It is mainly necessaryI to realize that for a given load and a given sonic tool configuration,
there will exist a relationship-between the impact and rebound velocity,
VR = f(Vl)2 that will be characteristic of' that pal ticular process.

g For a given case, it should be possible to establieh the form of this
* relationship by theoretical or experimental means or a combinatl on of

both.The main assumption required for further discussion is that in
impact coupling energy transfer, that a stead sta..e may be attained.
B., this is meant that for a given set of con- tio••7(drive voltage,
transducer energy level, tool, static force and load), an approximately
constant bounce frequency of the tool in the gap is attained. There
are, in fact, many good reasons t3 believe this is an excellent assump-
tion. The analysis and experiments by Feng [3) showed, for a specific
load, that such conditions resulted. This work followed earlier experi-
mental observations in sonic riveting that a steady bouncing action was

I present. Referring again to Figure 6-5, what this means is that under
steady state conditicns, VI and VR remain approximately constant. Thus,
the tool will strike the load with a velocity VI, rebound from the load
and strike the transducer with the velocity VR and then again rebound
from the transducer with the increased velocity VI, with the process
continuing to repeat this sequence.

6-4 INTERACTION OF VARIOUS PARAMETERS IN IMPACT COUPLING

The main parameters of a sonic impact coupling process have been
mentioned previously. To recall, they are the voltage, energy level
and tip displacememt of the transducer, the static force on the trans-
ducer, the tool and the load. The first three parameters, voltage,
energy and displacement are, in fact, directly related. In the follow-
ing, we will be mainly interested in how the parameters of voltage,
energy level and static forca can interact in impact coupling. While
the tool and the locd characteristics will not be specified, it will
be presuned that they will be invariant. Initially, only the simplest
situation in terms of parameter variation will be considered, with3 more complex situatious being introduced lat.:r.
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(A) Limited Variations in Static Force

As the first and simplest case, assume a transducer is being
dtiven at a voltsge Vo with a resulting energy level Uo in the trans-
ducer. Let the static force be Fo. For these conditions, let there
exist a steady-state impact action such that the time interval between
impacts is To and the energy removed from the transducer per impact is
CUo. Finally, let the time constant for the transducer be Tc. The
situation is summarized in Figure 6-6 (a), i

Consider, now, that the static force is slightly increased to F,
in one case, and decreased to F2 in another case so that Fl. > F 0 > F_.
As long as the variations are not too great, the only result of these
changes will be to uecrease or increase the time interval between im-
pacts. T•,ts, for the case of increased force Y,, the time interval
will decrease to T1, while for the decreased force F2 , the time inter-
val will increase to T;, where TI < To < T2 . The resulting sequence
of impacts for the two cases are mhown in ligure 6-6 (b) and (c). Of
course the time conrtant for the transducer remains the same, Tc.
Further, the energy removal per blow, AUo, remains the same.

At this point, what is meant by a 'limited" increase of static
force can be made cleaw•. For a static force of Fo, the time interval
between impftcbt was 4•c~ter than the system time constant (To > Tc )
so that the tranaducer has ample Utma to restore the energy loss AUo
between impacts. For increasing static force, the time interval between
blown will decrease until it equals the system time constant. Thus,
T, -+Tc, which is meant to be the situation illustrated in Figure 6-6
(b). Any further increase in static force, and thus further decrease
of T, (so that T1. < TO) will result in impact before the transducer
had Ailly restored itself to the original energy level U0 . This will
complicate the interaction situation, since the energy removal per im-
pact will be modified. Hence, this situation (TI < Tc) Pum be con-
sidered separately in the next section.

Finally, only brief remarks need be addressed to the case of
decreasing static force, since this is of little practical interest.
A transducer being operated in this situation, shown in Figure 6-6 (c),
is merely being used quite inefficiently.

(B) Further Increase of Static Force

We now consider the situation Ar.ere the static force has been
increased to the extent that impacts ame occurring before the transducer
has completely restored to the original energy level Uo. The first
thing to realize for this situation is that if the transducer has only
recovered to an energy level UA before the next impact, where U0, < Uo, I
then the energy removed by +hat next, impact, AUo, will be less than
AlJo. The question is, how much less?
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Figure 6-.6 -Variations in impact rate due to variations
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The question of how much energy is removed from the transda-er per
impact has associated with it all the details of a given transducer tip..
tool and load configuration. Lan-Itng specific information on this, what
will be done here is to assume that a constant percentage of the energy
is removed per impact. For simplicity of discussion, the percentage
figure will be scmewhat arbitrarily selected as 20%. This means that
for a given impact, 20% of the energy stored at the instant of impact
will be removed by that impact.

To illustrate what can occur for various impact conditions, con-
sider Figure 6-7 (a). This ahows the case of an original energy level
of Uo, with an impact then removing 20% of the energy, thus dropping
the energy level to 0.8 Uo. Then various situations of recovery and
subsequent impact are shown in the figure and tabulated below the
figure. Thus, in case (b), the transducer h~s recovered to an energy
leve. of 0.97 Uo when the seccad impact occurs. A 20% energy withdrawal
from 0.97 Uo drops the energy to 0.78 Uo, where recovery then occurs
to the level Uo in the time Tc.

With these preliminary considerations, it now becomes possible to
proceed directly tc the construction of various steady state sequences

of impacts where, for a given sequence, the impact or energy removal
always occurs at some given level of the original energy Uo. This is
possibly best done by directly presen-ting such sequences and then follow-
ing with an explanation.

1.0

(a) (b) (C) [)-

II

S0.5

(a) Full recovery before next impact
(b) Next impact at 0.97 Uo; energy drops to 0.78 Uo
(c) Ne.t impact at 0.92 Uo; energy drops to 0.74 Uo
(d) Next impact at 0.87 Uo; energy dreps to 0.70 Uo
(e) Next impact at 0.81 Uo; energy drops to 0.65 U0o

Figare 6-7 - Impact and energy removal from a transducer at various
3tages of recovery from a previous impact.
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Rive steady state impact situations, (a) through (e), are shown
in Figure 6-8. In (a), vhe simplest case of impactn occurring exactly

4: at To is shown. This has been previously covered, but to review, The
ii original energy level is Uo. An impact reduces the energy by 20%, to

a level of 0.8 Uo from which recovery to Uo occv•rs in Tc. So, the
maximum energy in the system is U0, the minimum energy is 0.8 Uo and

2• the average energy is about 0.92 Uo.

In the remaining situations (b) through (e), impacts occurring at
maximum energy levels less than Uo are shown. To illustrate, consider
(b). The maximum level that is attained before an impact is 0.95 Uo.2 _ 1At impact, a 20% withdrawml reduces the energy level to a minimum of
0.76 Uo, fram which recovery begins. The time required to reach the
previous level of 0.95 Uo is 0.5 Tc, as shown in the figure. At this
point, impact again occurs, 20% of the energy is removed to a level of
0.76 Uo and the process repeats. Thus, for the case (b), maximum energy
is 0.95 U6, minimum ic 0.76 U0 and the average energy is about 0.87 Uo.

In cases (c) through (e), this sequence of considerations is
_ merely repeated. The differentiating factor for the various cases is

that the energy level at which impact occurs is continually decreased.
Thus, in (c) it is 0.9 Uo, in (d) it is 0.8 Uo and in (e), it is 0.7 Uo.
In each succeeding case, the minimum energy and average energies are
correspondingly lower and the impact times are correspondingly shorter.
These various factors are summarized below the figure.

Now, the parameter that has been somewhat lost from the immediately
preceeding discussion is the static force. The original consideration
was to determine the steady state sequence corresponding to a given
static force. We have, in fact, reversed the question and are now able
to establioh what static force corresponds to a given steady state se-
quence. This is done as follows: The impulse delivered to the trans-

Sducer for an impact at a given energy level is I. If the ene..'gy level
is Uo, the impulse is Io, if the energy level is U3, the impulse is I.
If U.1 < U1, then I, < Io. The net effect is that the static force con-
sistent with a given impact interval and impulse level will still be
given by the basic expression (6-2.5); that is, FaTi = I.

It should be noted that we have about reached the limit of inter-
pretation on the effects of a static force variation. Thus, suppose
we know for the energy level Uo, that the impulse is Io. The time
interval for the energy to rebuild to Io is To, so the necessary static
force is Fo = Io/To. If the static force is then increased to FP, we
must then find the set of conditions so that F, = I 1 /T1 . What particular
energy level U, that will yield this balance can only be foxmd by
analysis and experiment for the specific impact configuration, and
cannot be established through the simple, qualitative considerations
used in the present work. Thus, for example, it would not be known
which of c'.Ses (b) through (e) if Fngure 6-8 would yield this consistent
set of conditions.
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TIME TIME

Case Max. Min. Aver. Ti
Energy Energy Energy

()Uo 0. 8 Uo 0.92 Uo 1.0 T
(a) U0  08 .CU
(b) 0.95 Uo 0.76 Uo 0.87 Uo 0.5 Te
(c) 0.9 Uo 0.72 Uo 0.82 Uo o.43 Tc
(d) 0.8 Uo 0.64 UO 0.73 Uo 0.23 Te
(e) 0.7 UO 0.56 Uo 0.63 Uo 0.16 T. .

Figure 6-8 - Sequences of steadyb-state impact
at various energy levels.
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SI (C) Effect of Voltage Variation

~ With the considerations that have been set forth in the preceeding
section on thw interrelationship of Initial energy level, static force
and impact times, it becomes a Cair^y simple matter to establish the
effect of varying the voltage parameter.

I As a first consideration here, suppose a system is operating at
a voltage Vo, energy Uo and at a static force such that FoTo = I,3

1 where To is the same as the system time constant T A situation such
I{ ias this has already been depicted in Figure 6-8 (a). Again, 10 is the

impulse per impact at the energy level Uo. Now let the voltage and,
t •hence the energy, be increased to V, and U, respectively. At this
j increesed energy level, the impulse per blow it would be increased

over the previous level. In the new force-impulse relationship,
F1Tj = I,, we see that either the time between impacts T, would have
to increase or the static force would have to be increased over the
previous level Fo. These various aspects axe shown in Figure 6-9 (a)
and (b). Thus, in (a), voltage increase without static x'.rce increase

-T is shown, with the necessary lengthening of the time betwe:en impacts.
! .j In (b), a static force increase enables the rate of impact to be main-

tained constant. In both cases, there will be same transient period
of behavior after the voltage is increased from Vo to V1 . No effort
Is made to depict the details of this.

We now wish to consider a more practical aspect of voltage increase.
Now, suppose that the maximum average energy level that a given trans-
ducer can operate at is Uo. This level may be a limit established be-
cause of fatigue considerations, temperature rise considerationc )r
some other criteria. Suppose, then, with a drive voltage Vo, the
transducer is operating under impact at a maximum level of Uo, again
as previously shown by Figure 6-8 (a). In fact, when the transducer
is driven at voltage Vo, the maximum energy is indeed Uo but thei average energy is less than Uo. Thus, while tie voltage and maximum
energy levels Vo, Uo are acceptable for no load conditions under impact

load, the transducer is operating below capacity.

4 In order to bring the average energy level back to U0 , the trans-
ducer must be overdriven. That is, it must be driven at a voltage that,
under no load conditions, might quickly result in transducer failure.

z The question is, what overdrive voltage should be applied? The answer
to this is that any number of voltages way be applied, as long as the
static force is also varied to keep in balance the impulse relation
FsT= I. Figure 6-10 shows several possibilitieb. In each case, the
average energy remains at Uo.

~ Thus, in Figure 6-10 (a), an overdrive voltage is applied that
* corresponcs to an energy level 1.07 Uo. The static for i that is

applied is such that the time interval between impacts is exactly equal
Lo the time constant Tc. Since sufficient time is allowed for complete
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T",RANSIENT PERIOD

i ~>TO

TIME

(a) Voltage increase Vo -- V.; t
static force remains constant

U0

4

TIME

(b) Voltage increase Vo V1.; -
static force increased

Fig•re 6-9 - Influence on impact rate of a voltage increase
(a) without and (b) with increases of static

force,
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Figure 6-10 - Influence of various voltage overdrive
condittions on the rate of ::-.-jact.
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recovery of the transducer, it builds up to the level of 1.07 Uo before
each impact. With a 20% energy withdrawal., the level drops to 0.86 U01
the average energy is at the limit capacity of Uo.

Different situations are shown in (b) and te). Thus, in (b), an
overdrive voltage consistent with an. energy leveA of 1.15 Uo is applied.
However, a static force is applied such that the maximum energy level
never exceeds 1.09 Uo. A 20% removal at that level gives a minimum
energy of 0.87 Uo with, again, an average energy level of Uo. The
time interval between impacts is 0.45 Tc. In (c), an even more extreme
case of overdrive is shown. The energy level consistent with the
applied voltage is 1.5 Uo. However, by greatly increasing the static
force, the rate of the impacts are greatly increased and the time inter-
val between impact decreased to 0.15 TC.. At this rate, thv maximum
energy attained is 1.1-1 Uo. The minimum energy level !Ls 0.39 Uo and
the average is again Uo.

The basic result of using voltage overdrive is to enable a trans-
ducer to operate at an average energy level consistent with its no load
capacity and, by also increasing otatiu force, to gree Vly increase the
rate of impacts.

6-5 SURNMAR

The objective of this work was to present a qualitwtive description
of how the parameters of voltage, energy, static force and the system
time constant interact in the impact coupling means of sonic energy
trunsfer. In doing this, basic aspects of vibration and energy storage
in tne transducer were first reviawedp followed by review of basic
aspects of tocl impact on the transducer and the load and the concept
of steady state.

There were two basic ways of considering the sonic interaction
problem. In one way, the sonic parameter of voltage was considered to
be held constant, and the static force increased. The result of such
a force increase was to increase .the rate of impact. but, also to re-
duce the average energy level in the transducer. In a second way, the
voltage was increased so that the transducer was "overdriven." In this
way, by applying various levels of static force, it was possible to
increase the rate of impact to various levels, yet always maintaining
an acceptable average stored energy.

At this point, the objectiie of a qualitative description of the
interaction process in impact coupling has been accomplished. What iarequired in future work in this area is to make quantitative deacrip-tions of specific processes. Thus, the no-load energy storage capacity
of the actual transducers must be established, as well as the syatem
time constants. The actual percentage of energy removal per impact for
a given tool-transducer tlp config,'.ration must be established. 4cce;..-
able overdrive voltage levels .muset. be found. These and other specific
questions must be answered for given sonic processes.
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